
Best Available Copy

GENETIC AND PHTYIOLOGIC. STUDIES OF ,ACILLU3 ANTHRACIS RELATED

0 TO DEVELOPMENT OF AN IMPROVED VACCINE(%J
(Y)

00 ANNUAL AND FINAL REPORT

CC CURTIS 3. THORNE

JULY 1990

Supported by

U. 3. ARMY MEDICAL RESEARCH AND DEVELOPMENT CO?9AND
Fort Detrick, Frederick, Maryland 21702-5012

Contraot No. DAMD17-85-C-5212

University of Massachusetts - c 1I
Amherst, Massachusetts 01003

APPROVED FOR PtIBLIC RELEASE

DISTRIBUTION UNLIMITFD (

The tindings 1.n this report kre nct to be construed as
an oftic'ial Departawnt of the Army position unlmas 3o
designated by other authorized donumonts.



SECURITY CLASSIFICATION OF P415 AG

REPORT DOCUMENTATION PAGE
14. REPORT SECURITY CLASSIFIC.ATION lb. RESTRICTIVE MARKINGS

I bcl1awdified
2a. SECURITY CLASSIFICATION AUTHORITY 3 0ISTRiSuT~IONAVA4AIIUTY OF REPORT

4L. OE(IASSIFICATION IOOWNG "DING SCIIEOULE diw fr public iriod~w

4. PERFORMING ORGANIZTIN REPORT NUMUIER(S) S. MONITORING ORGAMIZArION REPORT NUMBER(S)

6a. NAME6 OF PERFORMING ORGANIZATION Eb. OFFICE SYMBOL Is. NAME OF MONiTORIN~i ORGANIZATION

thiversity of nuhsachinitts I_____________________________
Sr- ADDRESS (City, State. MW ZIP Coft) 7b. ADDRESS (City StUf. .a" ZIPCode?)

A~wrst. ?h 01003

I& NAME OF FUNDING i SPONSORING 80, OFFICE SYMIOL 9. PROICURIEMENT NST1141MENT IOENTIFICAT;ON NIaMS'R

ORGANIZATION U.S. Arr ?Medical OIf 4000tO&W
Rsearch Iin ievelopwit ()F 00tiust No. WI.MI7-85.C-512

It ADORE SS (City. Statw. and ZIP Codes) 10ý SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT ITASI( J"O UNIT

Fort Detrick, Frederick, HD272-(- ELEMENT NO.' NO. MU6. NO. ACESSION NO

627A 277Oia71 106
11. TITLi& (Indiu Sommy Caawftcanon)

(U) Gantic and ftsiological Studies ot Bacillusa mthracis Related to tDmlqmnt
of in Tm~rr'd Vaccine

12. PERSONAL. AUT14OR(S)OftsB 1o

13a. TypE F 00EWORT 113b. TMI (OVERE0 !4 DATE O0 NEPORT (w vt yj15 PAGE COUNT

knmnl uidx Fira.*2i I'rt FROM 8/ 1/q5  to 7/11/qo 199 July 3

16. SUPOtEMENTARY NorAroN

'nuil. mm' the period A'.sjt 1, 196q - XAi]. 31, 1990.,
17 (SATI' CODES 64 SUBIJECT TERMS (CoOTmuW on tww.w if necftey *rid xsenrity ~JV block numoor)

FIL GRaOUP su"R~oup Bacillus anthracis RAI Anithraxc protective antiipui
06 13 B. antiiacis plawdds Anthrax toxin

( I Y Wcillis conjugative pla~ids Transpiori imtaqwmti3
1.ABSTRACT (COnf"V ftn FOW' tn if i(UVC01W and mc*41fly by block t'umber)

This is the fifth and last Annua Proqrigass Report of raeerth carried out uWidr the above refoerowced
cmitrac:'. lth priinry objective of the tasearch Ls to gain intfur timn and develop genetic systow that will
contributea to 'jewlopm wt of an ijvroved vaiccine forr anthrax. I)nrinc the yamr represented by this rw'pxrt our
rosprch comcuitrated largely an (i) phy~icAI and ganstic valygis of the Bacillus anthracis twocn plasidd.
pXJ1. based larvq1y an rcmd.-li of itudima with nautants produced by travsomo autagwIesis; (ii) traroposm
outagm ~is of the 8. anthrlncis capsule plamldd =,)2 and characterization of the variou.s teitant-s cl~tained;
and (iii) further charartorization of the conjugative pl&a.dd, PLS2O, of Baci~llu sbtllis (natto) amd its
ability to tranisfer pla&iuids v" iitrains of B. inthraci~s, B. caormE, B. subtilis, and B. ýthurmniws

iQ) DIGIVTlUUTON /AVA1LA,3IL1TY ().F AdSTRACT I 48STRAkCT 5EC'R:TY O..ASSiFCAVON
C:',C'ASSiFFDI1jNL-,IrtO (: ý%Vf AS NPT '),( 5j,11 lncl1asi f id

i2a. NAME (.)F -7ESP'JINSdII& NGI~uUAL .½ LNNErvýAeaCo. M*ARCL

00 Formi 1413, JUN 36011'os""4i if 0611041'e rJAj FQlr' QF ýWS O



-Dnjing the past year more mutants wmere isolated whio rabbited alterations in pienotyic

characteristics associated with the presnce of p)l .1. (According to axr terpinolo•y pW1 designates the
togn plasid found in the wild-type Weybridge strain and pWl.1 designates the toxin plasmid found in
Weybridge A mitants. Although t!2. two plamids are very similar, p=l.1 carries one or more mutations which

confer uon the host strain phenotypes that are somewat different frtm those exhibited by strains carrying
pW•). Several more strains cary'.ng p•)l: :Tn917 derivatives wmre isolated which showed alterations in toxin
production, sensitivity to bacteriophare, and extent of sporulation. One very interesting transposant,
Weybridge A UM3 tp62, has the phenotype PAa+ (ability to produce, protective antigen in the absence of added
bicarbonate or C). It produces amte protective antigen in both the presence and ab-ence of bicarbonate and
C2 thin the parent Weybridge A strain. It is conceivable that this matant would be useful in production of
the protective antigen vaccine preparation that is currently available in the United States. 'Tio other
transposwts, Weybridge A M tp'9 and tpll. are also very interesting. They have DA deletions within
p1l.1 of greater than 100 kb, and they have the phenotypes PO and PA-, respectively. Results of EWA-[1A
hybridizations showed that the plta d from tp'9 contained the structural gem for PA and LF (lethal factor)
and the structural gee for EF (edem factor) wns missng. ,In the sam tests, the plasd fron tp•l was found
to contain the structural Zen for [F; the structural genes for PA and EF were missing. These'mutants my be
useful to those investigators who are interested in. study L[ and these who wish to obtain protective, antign!
preparations free of edem factor. Hopefully, studies currently wnder way will confirm that the antigens
produced in broth culture by the two transposants are consistent with the results of the hoybridization
studies.

B. anthracis plasmid pW2 carries infotmation for, synthesis of" the D-glutawl polypoptide capsule, one
of the organism's virulence factors. Previous work in our. laboratory demonstrated that strai•s cured of this
plasd ware noncapsulated and capsule synthesis was restored uon introduction of p,)2 into cured cells. 'We
have used the transposition selection vector piy! to generate pW2: :Z917 derivatives hich may have altered
owntypes with respect to capsule formation. These transpesants are being analyzed for any alteration of
capsule formatio r or other phenotypes that may be associated with p=. The various phenotypes of the
insertion mutants thus' far fotud can be described as follow: (1) Noncapsulated mutants (Cap-) which. still
retain pW2 but produce norcapsulated colonies under all growth coniditions. (2) Strains that produce capsules
only when grown in media containing bicarbonate and incubated in a C3ý-rich atmosphere (Capc'). nfhjs is the
phenotype of cells carryin wild-type p=2. Homver, a few of thse insertion mutants have the very
interesting characteristic of not being able to grow in the absence of CC2. Also som of these Cap"*
transposants appear to be polypeptide overproducqrs and resele Bacillus lichaiiformis with respect to colony
morphology. (3) ,Mutants that produce capsules when gromn.in air in-the ahsence of bicarbonate (Capa+). A few
of these have the unusual characteristic of being unable to grow in a (2-r-ich atms;hwre.

A smll amount of effort wa spent on further' characterization of the Bacillus subtilis (natto)
fertility plasmid. pLS2I, which encodes functions required for conjudal transission of plasmid MNA arg a
varioty of Bacill-us seies, including B. atnthracis. Calls of B. anthracis that contained pLS20 appeared more
dso by electron microscopy than cells not carrying the plasmid, sugesti g that they may have a surface
cumocwnt not present in wild-type cells. Calls of normally motile species app•ered to be uable to
;,nthesize flaRella when they were infected with rkSZX. A physical and functional nmap of pLS20 was
constructed based on results obtained with Th917 insertion mutants and som deletion mutants derived frmm

This documwt also includes a Final Report which is a narrativa stumory of the research carried out
,triun the five•-iar period of the contract. It is accowtj d by pertinent references to npcific annual
prgrress r-ports and other publications.



SUMMARY

\

Physical analysis of the Bacillus anthracis toxin plasmid, pXO1.1, has

confirmed the regions of pXO1.1 involved in toxin production and further

defined the regions surrounding the toxin ge !s. DNA-DNA hybridization

analysis confirmed that the restriction fragments of pXO1.1 which contain the

toxin structural genes corresponded to similar fragments on the restriction

map of pXO1 prepared by D. Robertson. DNA-DNA hybridization analysis of the

Tn911-tagged deletion derivative from Weybridge A UM23 tp2T, which has the

interesting phenotype PA7, LFL EFt, showed that the 34.8-kb, 13.9-kb, and 6.0-

kb BamI fragments, which are adjacent to or carry the toxin structural genes,

have incurred deletions which joined the 34.8-kb and the 13.9-kb fragments

together to form a n!w 44.2-kb BaHI fragment. The results obtained from

analysis of the plasmid from UM23 tp2, are consistent with the PAL EP*

phenotype observed in this mutant. •

During the past year more mutants were isolated which exhibited

alterations in phenotypic characteristics associated with the presence of

pXO1.1. Several more strains carrying pXO1.1::Tnjl were isolated which

showed alterations in toxin production, sensitivity to bacteriophage, and

extent of sporulation. One transposant of interest, UM23 tp62, which has the

phenotype PAa+ (ability to produce PA in the absence of added bicarbonate or

C02 ), produced more PA and LF in both the presence and absence of added

bicarbonate than the parent strain, UM23. UM23 to62 also appeared to

spormlate less frequently than UM23. The plasmid from tp62 was transferred to

B. anthracis strains cured of pXO1.1 or pXO1 by conjugation. Fhenotypes

similar to those observed in tp62 were also observed in these transcipient

strains indicating that the altered phenotypes are indeed caused by Tn917

insertion into XO1.1. Restriction analysis of the plasmid from tp62 showed

that the 34.8-kb BaHI fragment and the 9.3-kb Pstl fragment which is nested

within the 34.8-kb BamHI fragment are altered. These results suggested that

this region may be involved in the regulation of toxin production and may also

be involved in the regulation of sporulation. From analysis of transposants

which failed to produce the toxin uomponents, we previously showed that the

13.9-kb Ba.HI may also be involved in the regulation of toxin production.

Two of the transposants, U423 tp49 and tp7l, have deletions within

pXO1.' of greAter than 100 kb, and they have the phenotypes PA and PA-,
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respectively. As determined from summation of restriction fragments, he

deletion in the plasmid from tp49 included approximately 49 kilobases d that

from tp71 included about 47.5 kilobases of DNA. DNA-DNA hybridization

confirmed that the plasmid from tp49 contained the structural genes fo PA and

LF, while the plasmid from tp71 contained only the structural gene for LF.

UM23 tp49 and tp71 also showed alterations in sensitivity to bacteriop age and

in extent of sporulation.

Another B. anthracis mutant, UM23C1 tdsl, containingra Tn9 17-ta ed

deletion derivative (81.1 kb) obtained previously by CP-51-mediated

transductional shortening, tailed to produce the toxin components; how ver,

the extent of sporulation and sensitivity to CP-51 were similar to the

phenotypes observed with the pXO1.1-containing strain, UM23. UM23C1 t sl

cured of the deletion derivative exhibited phenotypes similar to those of the

pXO1.1-cured strain, UM23C1. The 81.1-kb plasmid from tdsl was transftrred to

B. anthracis UMM4-ý-C9 by CP-51 mediated transduction. The resulting

transductants exhibited characteristics very similar to those of tdsl. These

results show that the phenotypen observed in tdsl are plasmid-derived rnd that

the 81.1-kb plasmid from tdsl contains the regions involved in sporula ion and

sensitivity to bacteriophage.

The transposition selection vector, pLTV3, was introduced into I

anthracis UM23-'. The purpose of introducing pLTV3 into pXO1.1-contai ing

strains was to generate Tn917-LTV3-tagged pX01.1 derivatives by transposon

mutagenesis, not only to increase our library of insertional mutants, but also

to create in vivo gene fusions, taking advantage of the fact that Tn9l -LTV3

contains a premoterless lacZ gene. Thus, we hope to isolate mutants

containing insertions in cryptic gencs.

.. anthracis plasmid pX02 carries information for synthesis of t e D-

glutamyl polypeptide capsule, one of the organism's virulence factors.

Previous iork in our laboratory demonstrated that strains cured of thii

plasmid were noncapsulated, and capsule synthesis was restored upon

introduction of oX02.

We have used the transpsosition selection vector, pTV1, to generate

pXO2::Tn917 derivatives which have altered phenotypes with respect to lapsule

formation. Approximately 65% of the transposants thus far examined carried

Tn917 in pX02 as zonfirmed by DNA-DNA hybridizatiok2 experiments using 2p

labelled Tn917 as the probe. These transposants are being analyzed fo any
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alteration of capsule formation or other phenotypes associated with pX02. The

various phenotypes of the insertion mutants with respect to capsule synthesis

can be described as follows: (1) Noncapsulated strains (Cap-) which still

retain pXO2 but produce rough colonies under all growth conditions., (2)

Strains that produce capsule only when grown in media containing bicarbonate

and incubated in a CO2 -rich atmosphere (Cap÷). This is the phenotype of

cells carrying wild-type pXO2. However, a few of these mutants have the very

interesting characteristic of not being able to grow in the absence of CO2.
ce'

Also some of these Cap mutants appear to be polypeptide overproducers and

resemble Bacillus licheniformis with respect to colony morphology.

(3) Strains that produce capsules when grown in air in the absence of

bicarbonate (Capa+). A few of these have the unusual characteristic of being

unable to grow in a CO 2-rich atmosphere.

Evidence that the mutant phenotypes were the result of Tn917 insertions

and not spontaneous mutations was obtained by transduction and conjugation.

Tn917-tagged pX02 derivatives from transposants were transferred by CP-51

mediated transduction or by the B. thuringensis conjugation system to strains

previously cured of pX02. All transcipients that inherited the pXO2::Tn9l7

derivatives exhibited the donor phenotype.

The 64.2-kb Bacillus subtilis (natto) plasmid pLS20 encodes functions

required for conjugal transmission of plasmid DNA among a variety of Bacillus

species. Localization of the transfer region on this plasmid was accomplished

via the analysis of insertion and deletion mutants. Utilization of the

temperature-sensitive transposition selection vector pTV1 allowed the

isolation of a collection of pLS20::Tn917 derivatives. Insertion of Tn917

outside the 10.8-kb BglII fragment of pLS20 did not affect the transfer

abilities of the host cells. Insertion of the transpnson within the 10.8-kb

IgiII fragment led to the identification of two distinct regions of pLS20

involved in plasmid-mediated DNA exchange. Insertions into one portion of the

10.8-kb 2giII fragment abolished the ability of pLS20 to transfer itself but

did not affect the plasmid's ability to mobilize the tetracycline resistance

* plasmid pBC16. Mutants with insertions in another region of this fragment

were almost completely transfer-deficient.

Certain of the transposon-tagged derivatives incurred specific deletions

following growth of host organisms for several generations in the presence of

inhibitory levels of erythromycin. Analysis of the deletion m,:tan's revealed
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that loss of ca. 16 kb of DNA encompassing the 10.8-kb IMi fragment resulted

in total loss of conjugal transfer ability. Confirmation that this 10.8-kb

BalII fragment contained all the DNA sequences necessary for conjugal DNA

transfer came from cloning the fragment in the B. subtilis cloning vector

pBD64. B. subtilis transformants carrying pBD64 containing the cloned

fragment were able to transfer the recombinant plasmid by conjugation at

frequencies comparable to those obtained with B. subtilis donors carrying

pL.20 or nondefective pLS20::Tn9l7 plasmids.

The same region of pLS20 that is involved in transfer functions was also

found to be involved in the suppression of motility of host organisms. Cells

harboring pLS20, or the non-defective transposon-tagged derivatives, or the

cloned 10.8-kb B_1II fragment were non-motile on 0.4% agar plates, and

electron photomicrographs revealed the absence of flagella. However, cells

cured of the plasmid or cells harboring transfer-defective deletion

derivatives of pLS20 were flagellated and motile. Cells of B. anthracis that

contained pLS20 appeared more dense by electron microscopy than cells not

carrying the plasmid, suggesting that they may have a surface component not

present in wild-type cells.

-4-
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ANNUAL PROGRESS REPORT

This is the fifth and last annual report, together with the final

report, submitted under contract DAMD17-35-C-5212. Research on the contract

which began August 1, 1985 was a continuation of research previously carried

out under contract DAMD17.80-C-0099.ý

During the year represented by this annual report our research concen-

trated largely on (i) physical and genetic analysis of the B. anthracis toxin

plasmid, pX01; (ii) transposon mutagenesis of the B. anthracis capsule

plasmid, pX02, and characterization of the various mutants obtained; and (iii)

further characterization of the conjugative plasmid, pLS20, of Bacillus

subtilis (natto) and its ability to transfer plasmids among B. subtilis, B.

cereus, B. thuringiensis, and B. anthracis.

In this report our main efforts for the past year are discussed follow-

ing a general description of materials and methods. Specific procedures which

themselves are results of the research are described as appropriate under in-,

dividual sections.

MATERIALS .AND METHODS

Organisms. Table I lists the bacterial strains, plasmids, and

bacteriophages referred to in this report.

Media. For convenience to the reader, compositions of the various

culture media referred to in this rsport are given below. All amounts are for

one liter final volume. For preparation of solid medium, 15 grams of agar

(Difco) were added per liter of the corresponding broth.

NBY broth: Nutrient broth (Difco), 8 g; Yeast extract (Difco), 3 g.

NBY-MN broth: NBY broth with 25 pg of MnSO64 .H2 0 per ml.

Phage assay (PA) broth: Nutrient broth (Difco), 8 g; NaCl, 5 g;

MgSO4.7H2 0, 0.2 g; MnSO4.H 2 0, 0.05 g; CaCl 2 .2H 2 0, 0.15 g. The pH

was adjusted to 6.0 with HCl.

Phage assay agar: For bottom agar, 15 g of agar were added per liter of

phage assay broth. For soft agar, 0.6 g of agar were added per

liter.

--8--



L broth: Tryptone (Difco), 10 g; Yeast extract (Difco), 5 g; NaCl, 10 g.

The pH was adjusted to 7.0 with NaOH.

LPA agar: L agar containing the salts of PA broth.

LPACO 3 agar: LPA agar with 5 g of NaHCO3 °

LG broth: L broth with 1 g of glucose.

BHI broth: Brain heart infusion broth (Difco), 37 g.

Peptone dilient: Peptone (Difco), 10 g. Used for diluting phage and

bacterial cells.

Minimal I: (NH4) 2S 1O, 2 g; KH 2 P04, 6 g; K2 HP04, 14 g; sodium citrate, 1

g; glucose, 5 g; L-glutamic acid, 2 g; MgS04.TH20, 0.2 g;

FeCI3.6H20, 0.04 S; MnS04.H20, 0.00025 g. The pH was adjusted to

7.0 with NaOH. The glucose and FeCi3 were sterilized separately.
Minimal IC: Minimal I with 5 g of vitamin-free Casamino acids (Difco)

and 10 mg of thiamine hydrochloride.

Minimal XO: To Minimal 1 were added 10 mg of thiamine hydrochloride, 200

mg of glycine, and 40 mg of L-methionine, L-ser-ine, L-threonine, and

L-proline.

C(; broth is the Casamino acids medium as described by Thorne and Belton

(15).

CA-agarose medium: CA-agarose medium for the detection of colonies

producing protective antigen was prepared as follows: 0.75 g of

agarose was added to 100 ml of CA broth (prepared as described by

Thorne and Belton [15]) and the mixture was steamed until the

agarose was dissolved. When the medium cooled to about 500 C, 1 ml

of 20% glucose, 8 ml of 9% NaHC0 3,- 6 ml of goat antiserum to B.

anthracis, and 10 ml of horse serum were added. The medium was

dispensed in petri plates (13 ml per plate) and the plates were left

with their lids ajar while the agarose solidified. The plates were

u.nable after 1 hr.

RM medium is R medium (10) as modified by Leppla (8).

Antiserum. B. anthracis antiseruim was kindly supplied by personnel of

USAMF.IID.

Propagation of bacteriophage. Bacteriophage CP-51ts45 for transduction

was propagated by picking 5 plaques from an assay plate (B. cereus 569

indicator), suspending in 5 ml of 1% peptone and filtering through a Millipore

HA membrane filter. Cells were grown in 25 ml of L broth containing 0.5%

-9-



(wt/vol) glycerol at 30 0C with slow shaking for 6 to 8 hours following a 10%

transfer from an overnight culture in L broth with 15 ug of chloramphenicol

per ml (to maintain the plasmid marker). One-half m2 of cells and 0.5 ml of

phage ausponsion were added to 3 ml of soft NBY agar and layered over freshly

poured plates of MEY agar containing 0.5% glycerol. Propagation plates were

incubated at 30aC for at least 30 hours and the phage from each plate was

harvested in 5 ml of PA broth. Cells were removed by centrifugation at 10,000

RPM for 15 min at 15 C, and the supernatant fluid was filtered through a

Millipore HA manbrane filter. Dimethyl sulfoxide was added to give a final

concentration of 10% and MgSO was added to give a final concentration of 0.02

M. Lysates were tested for sterility and stored at 150C.

Phage assaym. For assaying bacteriophage CP-51t.s45, 0.1 ml of B. cereus

569 spores (standard indicator) having 3 x 10 CFU/mi were added to 2.5 ml of

soft PA agar. One-tenth al of phage diluted ,n sterile IS peptone was added

to tho mixture which was poured over PA agar plates. Assay plates were

incubated at jO0C foo 18 to 20 hours.

'frawduotion of V1T1 with CP-51ts_5. Recipient cells for transduction

of pTV1, we-e grown in 25 al of BHI broth containing 0.5$ glycerol (w/v) with

fast shaking at 37 0 C for 6 to 8 hourA follow!,g a 10% transfer from an

overnight culture. Ore-tenth mal of CP-51tasJ4 phage lysate and 0.1 ml of

recipient cells were spread together on HA Millipor. filter membranes, and

incubated on LE-agar (L-agar with 0.1 ug/ml nf.erythromycin) for 4 hours at

37 C to allow for phenotypic exortssion of plasmid encoded antibiotic

resistance. The membranes were then transferred to L-agar plates containing

selective levels of erythromycin and lincomycin (1 ug of erythromycin and 25

ug of lincomycin per ml) and incubation was continued at 37°C for 30 hours.

Test for capsule production. 'The ability of B. Anthracis and 3. cetr-!

to produoe capsules was determined by growing cells on LPA agar incubated in

air for those mutants which did not require bicarbonate for capsule

production, or on LPACO 3gar incubated in 20% CO, for thome strains which
5 .3 2

produced capsules only in the presence of bicarbonate. P'ates were incubated

at 37°h for 24 to 48 h.

rraneduction of p102. Bacterioohage CP-51ti45 was propagated on 8.

'inthracis and assayed on 3. rzereus 569. Recipient col]i for tr~nsdl'tton were

;rown in 250-lm flasks containing 25 ml of L troth (for B. -r-3u) or 13HI

broth with 0.5% glycerol (for 9. ý.nthrlcIs) and incubated at 37TC on A rotary



shaker at 250 RPM. Cells from a 10% (vol/vol) transfer of a 16-h culture were

grown for 5 h. Cells (0.1 i containing approximately 108 CFU) and phage (0.1

ml containing approximately 5 x 109 PFU) were spread together on LFACO3 agar.

Plates were incubated at 370C in 20% CO2 After 3 h, 0.1 mi of phage CP-54 (3

x 109 PFU) w&3 spread on the transduction plates to lyse noncapsulated cells

and to allow the selection of capsulated transductants. Incubation in CO2 was

continued for 36 to 48 h.

Chromoeomal tranaduotioc with CP-51t3s5. Recipient cells for

transduction of chromosomal markers were grown in 25 ml of L broth containing

0.5% glycerol (w/v) at 370 C with fast shaking for 6 to 8 hours following a 10%

transfer fa-ou an overnight culture. One-half ml of CP-51ts45 phage lysate and

0.5 ml of recipient cells were mixed together in a 20-rm cotton-plugged tube

and incubated at 37 0 C for 30 minutes with fast shaking. For transducing the

recipient to MLS , 0. 1 ml of the transduction mixture was spread an an HA

filter membrsne placed on L agar supplemented with inducing concentrations of

erythromycin (0.1 ug/zl). The plate was incubated for 4 hours at 37°C to

allow phenotypic expression of antibiotic resistance. The membrane was then

transferred to L agar containing I Lg or erythromycin and 25 ug of lincomycin

per ml to select for Tn917. For transducing auxotrophic mutants 0.1 ml of the

"transduction mixture was spread directly on appropriate minimal mediu, to

select transductants inheriting the wild-type allele. The plates were scored

after 2 days of incubation at 37°C.

Detection of plaasld DMA. The procedures for extracting plasmid DNA and

rfr mlectrophoresis were the same as those lescribed in the Annual Progress

?eport datqd July 31, 1988.

Restriction endonuclease digestions. RPoirtction endonuclease dig.s-

tions were o!rried out under ocnditions racoemmnded by the iuppller of the

anz.yes. 1Juail - 10 to 20 ul or DNA ,1.1 to 1.5 ug) In TES 'pH 4.0) was addod

to 3 to '0 inlt, -f .nzyne in 1 1.5 al 7p--ndorf tube. Approprtate Amolints of

""lt~L-d wator ind I')X luffor warR tid1 to give a total volime of" v,0 ul.

S-ill rtýrsls wor- in-ubtetod In i ~ wstar h)ath ro)r 2 h. D ih. D --%ts

$t -,;•d t t o)r 10 irinut.' to stop roactIor and then ranolvad nn

i.,ir-e xglei. Mo_'cjiar weqIhts of 7NA fr-,.trmnts were detor-mtned by *ompnring

rr • It t.os, of t , i) ra 't. itda-r consisting of rrslgmnts rnrg;ing

2il+ e r,-i ').;') '2.2 kb ýr t "f bigh "olocular weight mrkmrs ringinrg

I:



in size from 8.3 to 48.5 kb. Both sets of DNA size standards were obtained

from Bethesda Research Laboratories.

Procedures used in mating experimentas

(1) Matings in broth: Cells for mating wer3 grown in 250-ai Erlenmeyer
flasks containing 25 al of BHI broth and incubated at 300 C with slow shaking.

Donor and recipient strains were grown separately for 8 to 10 hours from 1%
(v/v) transfers of 14- to t5-hour cultures. Each culture was diluted 1:50 in
BHI broth, yielding 106 to 10 cells per al, and mating mixtures were prepared

by mixing 1 ml of donor cells with 1 al of recipient cells in 20-rn culture
tubes. Control tubes contained I al of BHI broth and I ml of donor or recipi-

ent cells. Mixtures were incubated at 30°C vith sloW shaking. Samples were

removed at times indicated and plated on appropriate selective media for

determining the numbers of donors, recipients, and transcipients. Dilutions

were made in peptone diluent. Plates were incubated at 30 C and colonies were

scored after 24 to 48 hours.

When mating mixtures were prepared with streptomycin-resistant recipi-
ents and tetracycline-resistant donors, tetracycline-resistant transcipients

were selected on L-agar containing streptomycin (200 vg/ml) and tetracycline

(5 or 25 ug/ml). If the recipients were streptomycin-sensitive, tetracycline-

resistant transcipients were selected on Min IC agar supplemented with tetra-

cycline and the appropriate growth requirement of the auxotrophic recipient.

For selecting B. cereus transcipients 25 ug of tetracycline per ml was used,

but with B. anthracis the number of transcipients recovered was greater when

the concentration of tetracycline was only 5 ug per ml. Once transcipients

were selected with the lower concentration of tetracycline, they were then

fully resistant to 25 uwg per al. When recipients were rifampicin-resistant,

rifamplcin (10 ug/Ml) was included in the selection medium.

Transfer frequency is expressed as the number of transcipients p.r ml

divided by the number of donors per ml at the timo of sampling. It should be
emphasized that the use of both auxotrophic 'and drug-resistant strains allowed

unambiguous strain selection and recognition.

(2) Matings on membranest Donor and recipient cells were grown in 250-

al flasks containing 25 ml of 8HI broth and incubated at 30°C on a reciprocal

shaker, 80 excursions per min. Transfers (5%, v/v) from 14- to 16-hour

cultures were grown for 5 hours. One al of donor cells and I ml of recipient

cells were mixed and 0.1-0.2-ml samples were spread onto Millipore DA or HA
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membranes (Millipore Corp., Bedford, MA) which were placed on nonselective

medium for 5 hr. BHI agar was usually used if the recipients were B.

anthracis, B. cereus, or B. thuringiensis. PA agar was usually used for B.

subtilis, and LG agar was used when the matings involved B. subtilis natto.

To determine the number of donor and recipient cells per membrane, the mixture

was diluted in peptone and plated on the appropriate selective media. Control

mixtures contained 1 3a of BHI broth and 1 ml of donor or recipient cells.

Plates were incubated at 30 0C for 5 hours to allow mating and phenotypic

expression. Membranes were subsequently transferred to agar plates containing

tetracycline (for pBC16 transfer) and either rifampicin or streptomycin to

select for recipients which had acquired the antibiotic resistance plasmid

from the donor. To select for transfer of Tnj 17-containing plasmids,

membranes were transferred to agar containing erythrosycin and lincomycin, and

either rifampicin or streptomycin. Colonies were scored after 1 to 2 days of

incubation and transcipierts were purified on the selective medium. The use

of auxotrophically-marked strains facilitated unambiguous identification of

transcipients. Frequency is expressed as the number of transcipients per

donor.

Screening colonies for fertility. A replica plate mating technique was

employed to screen large numbers of transcipients for fertility. Colonies of

transcipients to be tested were picked to BHI agar to form master plates.

These were incubated 16 to 18 h at 30 C and the colonies were replica plated

to BHI agar plates that had been spread with 0. 1 ml of spores (approx 1 x T08

CFU) of a recipient strain. The Strr strains, B. anthracis UMLM4-2 and B.

cereus UM20,1, and the Rifr strain, Weybridge A U3M23-4, were used as recip-

ients. The plates were incubated 16 to 18 h at 300 C and the mixed growth was

then replica plated to agar plates containing tetracycline and the appropriate

antibiotic to select for the recipient strain. Incubation at 300 C was

continued. After 16 to 20 h, patches of trinscipient growth were present in

areas corresponding to particular colonies oo. the master plate .4hich were

fertile.

3creening colonies for protective antigen production. Colonies were

picked to plates of CA-agarose tedium and incubated it 370C n 20% C01 for

about '6 hours. A zone of precipitate formed around colonies th.&. nriduced

the protective antigen component of anthrax toxin k'12).



Veotroporation of B. anthracis. Plasmids were introduced into B.

anthracis Weybridge A UM23-1 and B. cereus 569 by electroporation using the

method described by Bartkus and Leppla (1). An overnight culture was diluted

1:20 into B!jT (19% BHZ, 0.5% yeast extract, 0.2% glucose, and 0.1 M Tris OH

(pH 81) and incubated with shaking (200 RPM) at 37 0 C for 1 h. The cells were

harvested by centrifugation, washed 2 times in one-third volume of ice-cold

electroporation buffer (0.625 M sucrose and 1 mM MgCl 2 (pH 4], filter

sterilized), and resuspended in 1/30 the original culture volume of

electroporation buffer. After the cell suspension was chill) d on ice for 30

min, 0.8 ml was mixed with 1 to 10 Ug of plasmid DNA in a cuvette with a 0.4-

cm electrode gap. The mixture was then electroporated with a Gene Pulser

(Bio-Rad Laboratories, Rockville Center, N.Y.) set at 2500 V and 25 uF

capacitance. The cells were incubated on ics for 5-10 min after

electroporation. The cells were then transferred to 2.2 ml of BYGT in a

cotton-plugged 125-ml flask containing inducing concentrations of erythromycin

and incubated at 300C for 6 to 8 hrs. The cells were then plated on L agar

plates containing selective levels of antibiotics. The plates were incubated

at 30 0 C for 2 days.

Cryotransformation of Bacillus anthracis. The transposition selection

vector pLTV3 was introduced into B. anthracis Weybridge A UM23-1 by

cryotransformation using the method described by Stepanov, et al. (12). B.

anthracis UM23-1 was grown overnight in 25 ml of BHI broth in a 250-mi cotton-

plugged flask without shaking. Glycine and MgCl 2 were added to the overnight

culture to a final concentration of 5% (w/v) and 0.05M, respectively.' The.

incubation was continued at 370 C with slow shaking for 2 to 2.5 h. The cells

were harvested by centrifugation and resuspended to a final density of 1 x 109

1 to 2 x 109 cells/ml in a medium containing 0.3% (w/v) Bacto peptone (Difco),

5% (w/v) glycine, 10% (w/v) polyethylene glycol 6000, and 0.1 M MgCl2.

Oamples (150 ul) of cells were transferred to sterile glass vials aud mixed

with 50 ul of 0.1 M MgCl 2 and 50 ul of plasmid DNA. The samples were then

frozen for 20 to 25 min at -12 0 C and thawed at 370 C. The mixture was

transferred to 1 ml of BHI broth and incubated at 30°C with shaking for 4 h.

Finally, the cells were plated on L agar plates containing selective levels of

streptomycin (to select for the recipient strain) and selective levels of

tetracycline (to select for recipient cells containing pLTV3). The plates

were incubated at 30 C for 24 h.
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fransposon mutagenesis in B. anthracis with the transposition

selection vector pTV1. Approximately 5 x 108 spores of strains into which

pTV1 had been introduced by electroporation or by transduction were inoculated

into 25 ml of BHI-0.5% glycerol broth containing 15 pg of chloramphenicol (Cm)

and 0.1 ug of erythromycin (Em) per ml (the latter to induce transposition) in

a 250-mi cotton-plugged flask which was incubated at 30 0 C on a shaker (130

RPM). After 16 to 18 hours 1.0 ml was transferred to 25 ml of BHI.glycerol

broth containing selective levels of Em (1 ug/ml) and lincomycin (Lm, 25

ug/ml) and no chloramphenicol. The transferred culture was incubated in a 430 C

water bath with snaking (160 RPM) for 4 hours. The culture was transferred in

a similar manner three additional times. Following the fourth transfer the

culture was incubated for 12 to 16 hours, and then I ml was transferred to 25

ml of L broth (no antibiotics) and incubated on the shaker at 300C until

sporulation occurred as observed by phase microscopy (3 to 4 days). This last

step was omitted when an asporogenous mutant was used.

Once sporulation had occurred, the culture was centrifuged at 10,000 RPM

for 10 min at 4°C (Sorvall SS-34 rotor) and the spores were resuspended in 5

ml of sterile water. The resuspended spores were heat shocked (65 0 C, 30 min)

and O.1-ml samples of appropriate dilutions were spread on plates of L-agar

containing 0.1 ug of Em per ml. The plates were incubated at 300C for 24

hours.

Cells in which transposition of Tn917 and loss of pTV1 had occurred were

identified by replica plating the colonies to L agar containing selective con-

centrations of erythromycin and lincomycin and to L agar containing 15 ug of

chloramphenicol per ml. When spores were prepared following the mutagenesis

procedure as described above, generally 95% or more were found to be

transposants, i.e., Emr Lmr and Cm . To determine whether the transposon had

inserted into a plasmid or the chromosome DNA-DNA hybridizations were carried

out using 32P-labelled Tn917 as the probe. Approximately 75% of the MLS-

resistant, chloramphenicol-sensitive colonies isolated from transposon

mutagenesis experiments with strains carrying pXO1 or pX02 carried Tn917 on

the plasmid.

Trpnsposon mutagenesis of B. anthracis using the transposition selection

vector pLTV3. Transposition of Tn917-LTV3 from pLTV3 to pXO1.1 was induced by

growing 2. anthracis UM23-1 etf5(pLTV3) in BHI broth with 0.1% (w/v) glycerol,

containing 25 wg of tetracycline per ml to 3elect for pLTV3-containing cells
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and a subinhibitory concentration of erythromycin (0.1 Ug/ml) to induce

transposition. The cultures were incubated overnight at 30oC with shaking.

To generate independent transposition events, several cultures were grown in

individual cotton-plugged 20-mm tubes. The cells were cured of pLTV3 by

serially transferring 1% of an overnight culture to BHI broth containing 0.1%

glycerol and inhibitory concentrattons of erythromycin and lincomycin. Four

transfers were made and each was incubated for 12 h at 42°C with shaking.

The cultures were then transferred to L brocn containing selective

levels of erythromycin and lincomycin and allowed to sporulate (approximately

4 days). The spores were harvested and heat shocked (30 minutes at 65 C).

The spore stock cultures were then diluted in peptone and spread onto L agar

plates containing a subinhibitory concentration (0.1 ug/ml) of erythromycin.

The plates were incubated at 30 0 C for 2 days and replica plated to L agar

plates containing inhibitory concentrations of erythromycin (1 wg/ml) and

lincomycin (25 ug/ml) and to L agar plates containing an inhibitory

concentration (25 ug/ml) of tetracycline to screen for colonies cured of

pLTV3. MLr T03 colonies were streaked for single-colony isolation and

examined for phenotypic alterations, gene fusions, and location of Tn917-LTV3

insertions.

RESTILTS AND DISCUSSION

I. Physical and genetic analysis of the B. anthracis toxin plasmid.

pXO 1 .1

Several phenotypes have been attributed to the presence of the 184-kb

toxin plasmid, pXO;, in B. anthr.c1s. Weybridge A strains cured of pXO1

exhibit changed phenotypes with respect to extent and rate of sporulation,

sensitivity to bacteriophage, toxin productiun, growth on minimal medium, and

colony morphology (14). One of our reasons for studying the genetics of pX01

is to identify the regions of the plasmid responsible for conferring these

phenotypic characteristics upon the host strain. Another reason for studying

pX01 is to identify other phenotypes which may be associated with the presence

of pXO1 in B. anthracis. Following are descriptions of advances made during

the past year in the physical and genetic analysis of pXO1. Most of these

studies involved the use of Tn917-tagged plasmids.
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Classification of pZ01 ftra different B. anthracis strains. As reported

previously, Weybridge UM44 exhibited different plasmid-derived phenotypic

characteristics from those observed in Weybridge A strains. (It should be

recalled that the Trp- auxotroph, Weybridge UM44, was isolated from the "wild-

type" Weybridge strain, and Weybridge A wds isolated from "wild-type"

Weybridge as a mutant that grew much better than the parent strain on a

minimal medium, minimal XO). The two strains, Weybridge UM44 and Weybridge A

(and auxotrophs derived from the latter) differed in rate and extent of

sI)orulation at 37 0 C, phage sensitivity, and growth characteristics un minimal

medium. However, UM44-derived strains into which pXO1::Tnl17 derivatives from

UM23 were introduced showed characteristics similar to those typical of UM23.

No apparent differences were observed in Bam_ I restriction patterns of pXO1

from Weybridge UM44 and pXO1 from Weybridge A UM23. However, there were some

differences in the Pstl and EcoRI restriction patterns of pXO1 from the two

strains. Two new fragments were observed in Pstl digests and in EcoRI digests

of pXO1 from Weybridge UM44 compared to those of pX01 from Weybridge A UM23.

Because of differences observed in the toxin plasmid from the two strains, we

have suggested that the plasmid of Weybridge UM44 be designated pXO1 and the

one from Weybridge A strains be designated pXO1.1. Similarly, the toxin

plasmid from other B. anthracis strains will be designated pX01.2, pX01.3,

etc., as they are characterized.

As described in the Annual Report of 1989, our laboratory isolated

several insertional mutants which were generated by transposon mutagenesis of

pXO;.1. Deletion analysis has also been employed to study the genetics of

this toxin plasmid. Several transposants and deletants have been isolated

which exhibit altered phenotypes with respect to extent and rate of

sporulation, sensitivity to bacteriophage, and toxin production, phenotypes

which have been attributed to the presence of pXO1.1. Restriction analysis

has revealed regions of the plasmid which may be involved in conferring some

of these phenotypic characteristics.

This section of the report describes the advances made this year in the

physical and genetic analysis of pXO1.1. Furthermore, advances have been made

in isolating mutants involved in the regulation of the production of the toxin

components.

Location of the toxin structural genes on p101.1 and pXO1. The

restriction map of pXO1 corstructed by D. Robertson (11) has been used as a
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reference for determining the location of the Tn917 insertions within pXO1.1

with respect to the locatý.on of the structural genes of the toxin components,

PA, LF, and EF. To confirm that the restriction fragments containing the

toxin structural genes on pXO1.1 correspond to those fragments on Robertson's

map, 32p-labelled plasmid vectors, pPA101, pLF7, and pSE42, each containing

one of the toxin structural genes, were used in DNA-DNA hybridization studies

to probe BamHI-, PstI-, or EcoRl-digested pXOI.1 and pXO1.

The fragments of pXO1.1 to which each of the probes had hybridized are

listed inTable 2. The same results were observed in hybridization analysis

of BamHI-, PstI-, or EcoRI-digested pXO1 (data not shown). In cummary,

pPA1O1, which contains the structural gene for PA, hybridized to the 6.0-kb

BamHI fragment, the 6.0-kb and 18.1-kb PstI fragments, and the 6.2-kb and 5.6-

kb EcoRI fragments. pLF7, which contains the LF structural gene, hybridized

to the 34.8-kb BamHI fragment, the 6.6-kb and 6.0-kb PstI fragments, and the

5.8-kb, 5.6-kb, and 0.7-kb EcoRI fragments. Finally, pSE42, which contains

the EF structural gene, hybridized to the 7.4-kb BamHI fragment, the 18.1-kb

and 5.5-kb PstI fragments, and the 8.0-kb, 3.1-kb, and 1.1-kb EcoRI fragments.

The plasmids containing the structural genes for PA, LF, and EF hybridized to

the BamHI and PstI fragments corresponding to similar fragments depicted in

Robertson's map of pXO1. The 34.8-kb BamHI fragment, which contains lef,

corresponded to the 29-kb EamHI fragment on Robertson's map.

Restriction analysis of the 34.8-kb BamHI fragment from pXO1.1. PstI-

digested pXO1.1 was probed with the 34.8-kb BamHI fragment to determine the

PstI profile of this fragment. The probe was obtained by digesting pXO:.1

with BamHI, eluting the 34.8-kb fragment, and radiolabelling the fragment with
3 2P-dGTP for use in DNA-DNA hybridization with the Psti-digested pXO1.1.

Preliminary data showed that six PstI fragments (5.2-kb, 6.0-kb, 6.3-kb, 6.6-

kb, 9.3-kb, and 18.1-kb) shared homology with the 34.8-kb BamHI fragment.

Further analysis will be necessary to arrange these Pstl fragments within the

34.8-kb BamHI fragment. Since a majority of the deletion derivatives isolated

contain deletions within this fragment, mapping of the 34.8-kb Bam_ I fragment

will be useful in further defining the deletions within this region. Some of

the results from the PstI restriction data conflicted with Robertson's Pstl

restriction map of the 29-kb BamHI fragment. One reason for the difference

observed between the restriction profiles may be differences in pXO1 plasmids

isolated from different B. anthracis strains.
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hnalyuis of the 44.2-kb Ram fragment from UM23 tp2l. The Tn9 7-tagged

pXO1.1 derivative isolated from Weybridge A UM23 tp2l contained deletions

and/or alterations in more than one BamHI fragment (6.0-kb, 13.9-kb, and 34.8-

kb). The resulting phenotype was PA_ LF÷ EF÷, suggesting that this plasmid

did not contain the structural gene for PA. Restriction analysis has shown

that the fragments carrying the LF and EF structural genes are present. The

BamHI restriction profile of this plasmid also showed that this deletion

derivative contained a new 44.2-kb fragment. As determined by hybridization

with the 34.8-kb BamHI fragment isolated from wild-type pX01.1 and by

hybridization with Tn917, the 44.2-kb Bam_ I fragment contained the 34.8-kb

BamI or portions of this fragment and Tn917. To determine what other

fragment(s) have joined the 34.8-kb BamI fragment and the 5.2-kb Tn917 to

form the 44.2-kb fragment, BamHI-digested wild-type pXO1.1 was probed with the
32 d

41.2-kb BamHI fragment which had been labelled with P-dGTP. This fragment

hybridized to the 34.8-kb and the 13.9-kb BamHI fragments of wlld-type pXO1.1.

The results from these DNA-DNA hybridization studles, as well as the previous

results from Bam.HI and PstI restriction experiments, indicate that the 34.8-lzb

and the 13.9-kb BamHI fragments contains deletions. These data also suggest

that the 6.0-kb Bam.HI fragment is located between these two fragments (aimilar

to Robertson's map) and that this region incurred deletions upon Tn917

insertion, thus resulting in the joining of the 13.9-kb and the 31.8-kb

fragments.

Isolation of more Th917-tagged pXO1.1 derivatives. As reported in the

annual report of 1989, insertions of Tn917 from the temperature-sensitive

transpostion selection vector pTV1 into pXO1.1 were generated by erythromycin-

induced transposon mutagenesis. The cells were subsequently cured of pTV1 by

serial passage at 43°C. Our initial approach was to isolate random MLS-

resistant, choroamphenicol-sensitive colonies, confirm Tn917 irsertions into

pXO1.1 by DNA-DNA hybridizations using 32P-labelled Tn917 as the probe, and

finally, determine phenotypic alterations.

The approach we took during the past year was to isolate MLS-resistant,

chloramphenicol-sensitive colonies altered in particular plasmid-derived

phenotypes. MLS-resistant, chloramphenicol-sensitive colonies were isolated

from spore stocks obtained from previous transposon mutagenesis experiments.

The colonies were screened for protective antigen (PA) production on halo

immunoassay plates incubated in 20% CO2 or in air (bicarbonate was omitted
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from those plates incubated in air). These colonies were also screened for.

sensitivity to CP-51 by picking colonies to phage assay agar plates spread

with 108 to 109 PFU and looking for plaque formation within the colony.

Thirty-five colonies which appeared to be altered in these specific phenotypes

were isolated and twenty-one of these transposants were shown to contain Tn917

within pXOl.1 as determined by DNA-DNA hybridizations using 32P-labelled pTV1

as the probe.

Table 3 lists the phenotypes tested and the results obtained from these

experiments. Twelve of these transposants did not produce PA as determined by

the halo immunoassay test. One PA* transposant, tp62, formed a halo on

immunoassay plates incubated either in CO2 or in air. This strain was tested

for the production of PA in Casamino acids (CA) broth. As will be discussed

in greater detail below, tp62 produced more PA both in the presence and the

absence of added bicarbonate than the parent strain, UM23. These results

suggest that this mutant overproduces PA and doesn't require added bicarbonate

for production of PA.

Two t1-ansposants, tp49 and tp71, exhibited deletions within

pXO1.1::Tn21 of greater than 100 kb. As determined by the halo immunoassay,

tp49 and tp71 are PA+'and PA', respectively. These transposants also showed

an increase in the extent of sporulation at 37 0C as compared to the parent

strain, UM23. The number of spores observed in these transposants by phase-

contrast microscopy, though, did not appear to be as numerous as in the parent

strain cured of pXO1.1, UM23C1. UM23 tp47 and tp64 exhibited an increase in

the extent of sporulation; however, the number of spores observed was less

than that observed for tp49 and tp7l, Several transposants appeared to be

asporogenous at 37 0 C as observed by phase-contrast microscopy; however,

further analysis will be necessary to confirm this phenotype. In particular,

tp62 which produced an increased amount of PA appeared to be asporogenous at

37 C and oligosporogendus at 30 C. UM23 sporulates extensively at 30 C and is

oligosporogenous at 37 0 C. In comparison to UM23, tp62 appears to exhibit an

alteration in the extent of sporulation. Whether the alterations in the

extent of sporulation in all cases is caused by Tn917 insertion within pXO1.1

or is chromosomally related remains to be determined.

Three transposants exhibited an alteration in the sensitivity to

bacteriophage. CP-51 formed very small plaques on tp49 and tp7l, and larger

but more turbid plaques on tp65. The plaques observed on tp65 were similar to
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those observed on tp28. UM32 tp28 had been isolated previously from these

transposon mutagenesis experiments and was shown to exhibit an alteration in

sensitivity to CP-51. The insertions which occurred in UM23 tp28 and tp65

were from independent transposition events.

Tests for production of protective antigen by M23 tp62. As previously

stated, tp 6 2, which contains Tn917 in pXO1.1, prcduced more protective antigen

in the presence and the absence of added bicarbonate than the parent strain,

UM23. The phenotype observed for tp62 was designated as PAa÷ (PA production

in air).

To optimize the conditions under which tp62 will produce PA, tp62, as

well as UM23, were grown in CA broth under various conditions. Cells of the

strain to be tested were grown overnight at 37 0 C with shaking in CA broth

without bicarbonate. Selective levels of erythromycin and lincomycin were

added to the medium for UM23 tp62 cultures and an additional 40 Wg of uracil

per ml was added since Weybridge A UM23 and its derivatives are Urah . One-

tenth ml of the overnight culture was transferred to 100 ml of buffered CA

broth (pH 6.5, 7.0, 7.5, 8.0, or 8.5) supplemented as above and including 0.2%

Norit A, or to 100 ml of CA broth supplemented as above and including 0.2%

Norit A and 0.72% NaHCO The cultures were grown at 37 0 C in 250-mi cotton-

plugged flasks either statically or with slow shaking (100 RPM).

Ten-ml samples of each culture were removed at various times, mixed with

0.5 ml of horse serum, and filtered through MilV.pore HA membranes without

prefilters. The culture filtrates were diluted by serial two-fold dilutions

and tested for PA antigen by an 0O.chterlony double diffusion assay using goat

antiserum prepared against B. anthracis (supplied by USAMRIID). The plates

were incubated at 370C with high humidity and read after 24 and 48 hr. The

highest dilution which produced a visible line of precipitation was taken as

the end point. The identity of PA in the filtrates was determined by

observing the pattern of lines that formed between the sample filtrate and an

adjacent well containing PA which was isolated from filtrates of Wpybridge A

UM23 grown under conditions known to be favorable for PA production.

As shown in Table 4, tp62 produced considerably more PA than UM23 when

grown statically in buffered CA broth at pH values of 7.5, 8.0, and 8.5

without added bicarbonate and in static CA broth containing bicarbonate. In

the presence of bicarbonate tp62 also produced more PA than UM23 but the

differences in yields were not as dramatic. Table 5 shows the results
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obtained with cultures grown in CA broth in shaken flasks. UM23 tp62 produced

a maximum amount of PA in buffered CA broth without bicarbonate at pH 7.5 and

pH 8.0 under shaken conditions. The yields of PA from tp62 were considerably

greater than those produced by UM23.under the same conditions. For reasons

unknown, tp62did not grow well in shaken flasks of CA broth containing
bicarbonate. T. Koehler in J. Collier's laboratory at Harvard University also

tested tp62 for production of PA and LF in BHI broth and in RM medium. She

found that tp62 did not grow well in RM medium. However, tp62 produced PA and

LF in BHI broth in the absence of bicarbornate, whereas Weybridge A UM23 did
not produce detectable amounts of PA or LF under the same conditions. We

conclude from the results of all these experiments that added bicarbonate is
not essential for PA production by tp62, but rather, the pH of the medium is a

more critical factor.

Transfer of pXOl.1::Tn917 from Weybridge A UM23 tp62 to B. anthracis

strains cured of pXO1. As stated above, tp62, which produces more PA both in

the presence and absence of added bicarbonate than the parent strain, UM23,

also appears to sporillate less frequently than UM23 at 370C and at 30 0 C. To

determine whether these phenotypes are plasmid-associated, the Tn917-tagged

pXO1.1 derivative from tp62 was transferred by conjugation to B. anthracis

strains cured of pXO1.

The B. thuringiensis fertility plasmid pXO12, tagged with Tn917, was

introduced into tp62 by conjugation. A transcipient, tp62 tr2, containing

pXO12::Tng97 was then used in a second mating to transfer pXOl.1::Tn9l7 to

Weybridge UM44-1C9 (Ind- Strr pXO1") and to Weybridge A UM23C1-2 (Ura- Rifr

pXO1"). Transcipients were selected directly for the transfer of

pXO1.1::Tn917 onL agar plates containing inhibitory concentrations of

erythromycin and lincomycin and also containing inhibitory concentrations of

streptomycin or rifampicin (depending on the recipient that was used). Strr

MLSr colonies (UM44-1C9 transcipients) or Rifr MLr colonies (UM23C1-2

transcipients) were then tested for PA produc*Jon on halo immunoassay plates.

Approximately 50% of the UM44-1C9 transcipients and 20% of the UM23C1-2

transcipients tested were PA+'. Four colonies were isolated f.)m each strain

(UM44-1C9 trl to tr4 and UM23C1-2 trl to tr4). These transcipients were then

examined for phenotypic alterations. Transcipients examined for PA production

were grown in buffered CA broth (pH 7.5) without bicarbonate in shaken flasks
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at 100 RPM for 15 h. They were also grown statically in CA broth containing

added bicarbonate for 27 h (normal growth conditions for PA production).

Results (not shown) indicated that the UM44-1C9 transcipients and the

UM23CI-2 transcipients produced about the same amount of PA as tp62 and more

than UM23 under both sets of growth conditions. The sporulation pattern of

"the transcipients at 30°C and at 370C appeared to be similar to that of tp62.

These results, indicate that the altered phenotypes observed in tp62 are

plasmid-associated.

Restriction analysis of Tng917-tagged pOl..1 derivatives from

transposants which may be altered in rvgulation of toxin production.

Preliminary restriction analysis of pX01.1::Tn917 isolated from tp62 showed

that the 34.8-kb BamHI fragment was altered. More precisely, the 9.3-kb PstI

fragment which is nested within the 34.8-kb BamHI fragment has been altered by

Tn917 insertion. The new BamHI fragment generated from this Tn917-tagged

plasmid was about 38.7 kb in size and the new PstI fragment generated was

about 14.6 kb. As there are no sites within Tn917 for restriction by Bam._I or

PstI, the new fragment generated by either restriction enzyme is most likely

the result of Tn917 insertion into the fragment that is regarded as altered.

Tables 6 and 7 show the altered phenotype of tp62 and the BamHI restriction

pattern of pXO1.1::Tn917 which was isolated from tp62. These results suggest

that sequences within the 34.8-kb BamHI fragment may be involved in regulation

of PA or toxzin production. They also suggest that this same region may be

involved in regulation of sporulation.

Previously we had suggested that a region may exist in the 13.9-kb BamHI

fragment which plays a role in the regulation of toxin production. As shown

in Tables 6 and 7, five transposants, tpl8, tp26, tp29, tp32, and tp38, which

exhibit an altered 13.9-kb BamHI fragment, did not produce PA. Two of these

PA" mutants (tp29 and tp32) were analyzed by S. Leppla at USAMRIID and were

found to be deficient in synthesis of the other toxin components, EF and LF.

ULM23 tp29 was EF" LF÷/" and tp32 was EF÷ LF÷/1 . The other transposants (tp18,

tp26, and tp38) have not been analyzed for EF and LF production. All of the

Tn917-tagged pXO1.1 derivatives isolated from these PA" mutants exhibited a

new 19.5-kb BamHI fragment. The 19.5-kb BamHI fragments from tp29 and tp32
32-

were shown to contain Tn917 by DNA-DNA hybridizations using 3-labelled Tn917

as the probe. Not all insertions within this region affected PA (or toxin)

production. The pXOI.1::Tn917 derivative isolated from tp27 shoved that Tn917
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had also inserted into the 13.g-kb BauHI fragment (to give a 19.5-kb

fragment); however, tp27 synthesized PA, LF, and EF. Data obtained from EcoRI

digestion of the Tn917-tagged pX01.1 derivatives from tp27, tp29, and tp32

showed that Tn I= had inserted into different regions of the 13.9-kb BamHI

fragment, thus accounting for the differences in the observed phenotypes. The

Tnj1=-tagged pXO1.1 derivative from the PA+ strain, tp27, was altered in the

5.8-kb EcoRI fragment, while pXO1.1::Tnj=j isolated from tp29 2nd tp32 was

altered in the 8.0-kb EcoRI fragment. These results are consistent with the

idea that a region of the 13.9-kb BamHI fragment may be involved in regulation

of toxin production.

Generation of gene fusions in Wa3 tp62. To generate in vivo lacZ gene
fusions within pX01.1 and determine whether Tn9 had inserted into a gene or
a site involved in regulation, we carried out experiments to replace existing
Tn912 insertions within pX0I.1 with Tn917 cat lac from pTV53 b7 homologous
recombination. The transposon in pTV53 carries a promoterless lacZ gene and a
promoterless cat-86 gene in tandem. If the original Tn22 insertion was
downstream of a promoter, then cells in which the Tn917 in pX01.1 was replaced
with Tn917 cat lac in the right orientation should express chloramphenicol

resistance. pTV53 was transduced from UM23-1 etf3(pTV53) into tp62. Instead
of selecting for transductants containing pTV53, we selected transductants
containing Tnrn cat lao gene fusions on L agar containing inhibitory
doncentrations of chloramphenicol.

Three Ctr transductants were isolated. Plasmid profiles showed that
these colonies (designated tp62 tdl, td2, a.. td3) contained pTV!3 along with
the pXO 1.1tTn21 derivative from tp62. To eliminate the possibility that
read-through of the transposon withinpTV53 was the factor contributing to
chloramphenicol resistance, tp62 td2 was cured of pTV53 by serial transfers at
43°C in the presence of inhibitory concentrations of chloramphenicol. Cells

that are cured of pTV53 are sensitive to tetracycline. The plasmid profiles
of three Cmr Tos colonies (designated as tp62 td2C1, td2C3. and td2C4) showed
that pTV53 was not present. To show that the Cmr phenotype was due to

expression of a gene fusion and not to spontaneous Mutation, the colonies were
tested for beta-galactosidase activity which would provide evidence that a
lacZ fusion had occurred. This was achieved by either picking the colonies to
L agar containing 30 ug of X-gal/ml or by spraying the plates with
approximately 0.2 al of a 10 mg/ml solution of methylumbelliferyl-beta-D-
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galactoside (MUG). Colonies which express beta-galactosidase activity turn

blue on X-gal plates and fluoresce under long wavelength ultraviolet light

when sprayed with MUG. The cured colonies exhibited beta-galactosidase

activity when tested with the galactoside indicator substrates. These results

suggested that Tn917 cat lac either replaced the existing Tn917 insertion, or

transposed to a different region on the plasmid or chromosome. Restriction

analysis of the plasmids from these cured strains will be used to determine

the location of the Tnh22 derivative.

Analysis of %M23 tp49 and UM23 tp7l. As discussed previously, two

transposants were isolated which exhibited deletions within pXO1.1::Tn917 of

greater than 100 kb. UM23 tp49 and tp71 were determined by halo immunoassay

to be PA + and PA', respectively. When these cultures were examined for the

production of PA in CA broth containing bicarbonate, tp49 appeared to produce

approximately two times more PA than the parent strain, UM23. Under similar

conditions tp7l did not produce any detectable amounts of PA.

Table 8 lists the BamHI and the PstI fragments found in the plasmids

from tpM9 and tp7l. These deletion derivatives are missing many of the

fragments normally generatnd from BamHI or PstI digestion of wild-type pXO1.1.

BamHI appears to linearize the plasmid from tp49. One of the BamkII fragments

generated from the deletion derivative of tp7l migrated to the same position

as the 13.9-kb BamHI fragment generated from pXO1.1. As will be discussed

later, these two BaMi fragments may not be related. Pstl fragments of ca.

12.9 kb and ca. 16.0 kb were generated from the deletion derivatives obtained

from tp49 and tp7l, respectivell, which do not correspond to any Pst1

fragments obtained from wild-type pX01.1. The sizes of the pXO1.1T~nq17

deletion derivatives from tp49 and tp7l were found, on the average, to le

approximately 40.0 kb and 47.5 kb, respectively, These sizes were determined

from the summation of the BAmH'I or PstI restriction fragments. Results from

the restriction analysis also showed that tp49 may contain the structural

genes for PA and LF, while tp7l may contain only the structural genes for LF.

DNA-DNA hybridizations were used to determine what toxin structural

genes were present on these deletion derivatives and to determine the location

of Tn917. The restriction frawments to which each of these probes hybridized

are ihown in Table 9. Briefly, BamHt- and Pti-digested plammid DNA obtained.22
from tp49 and tpl wer- probed with ' P-labmlled pPA101, pLF7, pSE42, or

Tn917. Tn917 was found to be located on the ca. 40.)-kb lam~H fragment or,



more precisely, on the ca. 12.9-kb PstI fragment of the plasmid from tp•9.

The location of Tng17 on the plasmid from tp71 was on the ca. 16.0-kb PstI

fragment or, more precisely, on the 13.9-kb BamHI fragment. As stated

earlier, this BamI fragment migrates to the same position as the 13.9-kb

!!aHI fragment from wild-type pXO1.1. The BamHI fragment from which the 13.9-
kb BamHI fragment from the deletion derivative of tp71 originated cannot be

determined from these data.

The plasmid vector pPA101 containing 2ME hybridized to the ca. 40.0-kb

almHI fragment or, more precisely, to the ca. 12.9-kb and the 6.0-kb PstI

fragments indicating that the Tn91-tagged plasmid from tp49 does contain the

PA structural genes, thus confirming the PA* phenotype. The common PstI

fragment from pXOl.1 and from the deletion derivative of tp49 to which pPA101

hybridized was the 6.0-kb fragment.. These results suggested that the ca.

12.9-kb PstI fragment was a deletion of the 18.1-kb PstI fragment (the

fragment in wild-type pX01.1 to which pPAI1O hybridized). The hybridizations

also re-eledthat the deletion derivative from tp49 contained the structural

genes F. ' on the 6.6-kb and 6.0-kb PstI fragments which, correspond to the

fragments from wild-type pX0l.1.

The plasmid vector pPA101 did not hybridize to any fragments from tp7l

consistent with the PA" phenotype. The plasmid from tp7l appears to contain

the strk.ctural genes for LF; pLF7 hybridized to the ca. 16.0-kb and the 6.6-kb

PstI fragment and to the 34.6-kb BamHI fragment. Finally, the data obtained

from hybridization of the deletion derivatives from both tp49 and tp7l with

pSE42 (which contains E? structural genes) suggested that neither plasmid
contained the structural genes for EF. These trahsposan~ts, tp49 and tp7l,

will need to be analyzed for the production of LF and EF to confirm these

results.

Characterization of 0M23CI tdal(pX01.1z:Tn9I17). The Tn=-tagged

pX01.1 deletion derivative of UM23CI tdsl was obtained by transducing the

tagged derivative from UM23 tpiA to UM23C1 (pXO1.1") with CP-51. As reported

in the Annual 4.part of 1989, the size of the plasmid from tdsl is

approximately 81.1 kb. UM23C1 tdsl showed alterations in toxin production

(PA-, E-', LF'); however, the phenotypes with respect to sporulation and

3ensitivity to CP-51 were similar to tt0ose Of strains containing p01.1.

Since this plasmid has a large part of the or-.inal DNA deleted, yet confers

some characteristics on S. anthrd13s aimilar to thoto observed with pXO1.1-
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containing strains, it must have retained the region(s) involved in expression

of these phenotypes (i.e. sporulation and CP-51 sensitivity). To confirm

this, tdsl was cured of the Tn917-tagged pXO1.1 deletion derivative by serial

passage at Z43°C. The cured colonies were selected on the basis of loss of

MLS-resistance. Plasmid extractions from MLS-sensitive colonies showed the

loss of the 81.1-kb plasmid. Two colonies were isolated (designated tdslC1

and tdslC2) and were tested for phenotypic alterations. As shown in Table 10,

these strains exhibited characteristics (i.e. sporulation and sensitivity to

CP-51) similar to those of UM23 strains cured of pXO1.1. The 81.1-kb plasmid

was also transduced to UM44-IC9 by CP-51-mediated transduction. MLS-resistant

colonies were isolated and tested for altered plasmid-derived phenotypes.

Normally UM44-1 (containing pXO1) sporulates well at 370C and exhibits plaque

formation when infected with CP-51. As shown in Table 10, sporulation and

sensitivity to CP-51 in UM444-IC9 td13 and td14 diminished significantly and

resembled characteristics similar to those of pXO1.1-containing strains. The

results obtained from these two experiments provided evidence that the

observed characteristics are plasmid-associated. further analysis will be

necessary to locate the regions associated with these phenotypes.

Introduction of PLTV3 irtco B. anthrac1s by eleotroporation and

oryotransformation. The transposition selectionrvector, pLTV3, was

constructed by Camilli, et al. (4). The plasmid contains a Tn917 derivative,

Tn917-LTV3, which carries a promoterless lacZ gine as well as the erm gene, a

cat gene, and genes for cloning in E. ioli. The plasmid itself is 22.1 Kb in

size and carries the gene for tetracycline resistance. The purpose for

introducing pLTV3 into S. anthracis is to generate more transposon-tagged

pXO1.1 derivatives by transposon mutagenesis, thus, increasing our library of

insertional mutants and hopefully, creating in vivo lacZ gene fusions. The

transposon will also be used to replace simple Tn917 insertions in existing

pXOI.I::Tn9l7 derivatives by selecting for chloramphenicol resistance. These

"recombinants3 can then be 4creened for transposon replacement and for gene

fusions.

pLTV3 was isolated ^rom B. nubtilis PY1178 and introduced into Weybridge

A t7L423-1 by el6ctroporat¶'n Using the method described by Bartkus and Leppla

(1) or by cryotransformatiun using the method described by Stepanov, et al.

(12). On the average, aporoximatoly 2 x 104 transformants per ml were

obtained in two electroporition experiments 3t.1 20 transformants per ml were
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obtained from the cryotransformation experiment. Strains designated UM23-1

etf5 and etf6 were derived from independent electroporation experiments and

were shown to contain pLTV3 and pXOl.1. The strain designated UM23-1 ctf1 was

isolated from the cryotransformation experiment and was a so shown to contain

pLTV3 and pXO1.1.

Generation of Tn917-LTY3-tagged pXOI.1 derivatives. Insertions of

Tn917-LTV3 into pXO1.1 from pLTV3 were generated as descr bed in the Materials

and Methods section of this report. In 7 out of 8 independent transposon

mutagenesis experiments, approximately 100% of the colonies were MLS-resistant

and tetracycline-sensitive indicating that Tnj=-LTV3 had transposed either to
pXO1.1 or to the chromosome and that the cells were cured of pLTV3. MLSr To"

colonies were screened for protective antigen production )y picking colonies
to halo immunoassay agar plates, for gene fusions by test ng for beta-
galactosidase activity using MUG as the indicator substra e, and for
sensitivity to CP-51 by looking for plaque formation with .n colonies which had
been picked to phage assay agar plates spread with 108 to 109 PFU. Several
transposants have been isolated which exhibit beta-galact)sidase activity and
are either PA* or PA- as determined by formation of a halo on the immunoassay
plates. Only one colony has been isolated so far which m y be sensitive to
bacteriophage, and it also appears to be PA. The plasmi, profile of this

strain revealed that the plasmid is a deletion derivative of pXO1.1 having
more than 100 kb Missing. DNA-DNA hybridizations will be employed to
determine the location of Tnj=-LTV3 in these strains.

II. TRANSPOSON MUTAGENESIS OF THE B. ANTHRACIS CAPSULE PLASMID. pX02, AND

CHARACTERIZATION OF THE INSERTION MUTANTS

The B. anthracis plasmid pX02 carries information forsynthesis of a D-

glutamyl polypeptide capsule. Capsule formation is the only function that has
thus far been attributed to this plasmid. B. anthracis strains harboring
wild-type pXO2 require CO2 and bicarbonate for capsule sy thesis. When such
strains are grown in the presence of CO2 and bicarbonate the colonies appear
very mucoid; in the absence of CO2 and bicarbonate the colonies appear rough.

In previous studies B. anthracis strains harboring •X02 were divided
into 3 groups with respect to capsule phenotype: (1) Strains that produce
capsules only when grown on media containing bicarbonate and incubated in a
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C02 -rich atmosphere (Cap phenotype); (2) Strains that produce capsules when

grown in air in the absence of added bicarbonate or CO2 (Capa÷ phenotype); and

(3) Strains that are noncapsulated under all growth conditions and yet retain

pX02 (Cap- phenotype). Spontaneous mutations resulting in the second and

third phenotypes hay, been shown to be associated with pX02.

Research in th s area during the past year has focused primarily on

isolation, identificition, and characterization of mutants resulting from

Tn917 insertions in 3. anthracis 4229 UM12 Nalr. A number of mutants having

very interesting phenotypes have been isolated and some of them are described

here.

Introduction of pVlts into B. anthracis 4229 harboring the capsule

plasmid pX02. The temperature-sensitive transposition selection vjctor pTVlts

was introduced into B. anthracis 4229 UM12 Nalr by CP-51-mediated

transduction. CP-51 propagated on Weybridge A UM23C1 td25(pTVlts) transferred

pTV1lts at frequencies high enough to recover transductants. Plasmid extracts

of representative Cmr MLSr traniductants were analyzed by gel electrophoresis

to screen for the presence of pX02 and pTV1. Transductants confirmed to

contain both plasmids were then used to generate Tn917 insertions in pX02.

Isolation of Tn917-tagged p102 derivatives. Cells containing pTVlts and

pX02 were induced for transposition of Tn917 in the presence of subinhibitory

levels of erythromycin (0.1 ug/ml) and then cured of pTVI by several passages

of the cells at 430° (non-permissive temperature for replication of the

plasmid vector) while maintaining selection for MLS resistance. After four

transfers cells were allowed to sporulate in L broth or NBYMn broth at 30 0C

for about 4 days. After sporuliation had occurred, the cultures were

centrifuged, the spores were resuspended in 5 ml of sterile water and finally

heat-shocked (30 min at 65 0 C) to kill any remaining cells. Spore suspensions

were diluted and plated on LE agar (L agar with 0.1 wg of erythromycin per ml)

for i3olated colonies. Single colonies were screened for sensitivity to

chloramphenicol and resistance to erythromycin and lincomycin to confirm loss

of pTVl and retention of Tn917. A total of 8,320 colonies from four

experiments were 3creened in this manner Transposition had occurred in about

99% of -he colonies. The presence of Tn917 in pX02 or the chromosome was

confirmed by DNA-DNA hybridization experiments uasin 3 2 ?-labelled Tn917 DNA as

"the probe. Approximately 64% of the ,LS-resistant chloramphenicol-setizitive

colonies carried Tn917 in pX02.
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Isolation of Capa* transposants by utilizing phage CP-54. Another

approach was also taken to isolate transposant3 which have the ability to

produce capsules in the absence of added CO2 and bicarbonate. BHI broth was

inoculated with a loop of spore stock that had been prepared directly from a

B. anthracis 4229 UM12(pXO2, pTV1ts) culture following the induction and

curing procedures. This culture was grown for 16 to 18 hours and 0.1,ml was

spread in duplicate on PAEL agar (PA agar with inhibitory concentrations of

erythromycin and lincomycin) and incubated at 37°C in air. Following 2 to 3

hours of incubation, a set of plates was spread with phage CP-54 and then

incubated at 37°C in air. CP-54 is more lytic than CP-51 and it can not

adsorb to encapsulated cells, allowing selection for encapsulated cells.

Mucoid colonies appeared after two days of incubation both on plates

challenged with CP-54 and on control plates that contained no phage. The fact

that mutants which produced capsules in air occurred at a frequency high

enough to be detected without exposure to phage suggests that insertion(s) of

Tn917 caused the mutation(s) that relieved the CO and bicarbonate

requirement. It has been our experience that spontaneous mutants which do not

require CO2 or bicarbonate for capsule synthesis occur at frequencies too low

to permit their'detection without selection with bacteriophage.

Phenotypes of transposants. MI~r CMs colonies, which were presumed to

be transposants cured of pTV1, were observed for capsule phenotypes, Capc*,

Capa+, or Cap-. Isolated colonies were picked to LPA and LPACO3 agar

containing inhibitory concentrations' of erythromycin and lincomycin and

incul kted at 37°C with and without CO2 . Trarsposants exhibited phenotypic

differences in capsule production that could be categorized as: (1)

Noncapsulated strains (Cap-) which retained pXO2 but produced rough colonies

under all growth conditions. (2) Strains that produced capsules only when
grown in media containing bicarbonate and incubated in a CO2-rich atmosphere

(Capc*). These appeared to be similar to wild-type pXO2-containing strains

with the exception of a few which did not grow when incubated in air and a few

which appeared to be polypeptide overproducers, resembling Bacillus

licheniformis in this respect. (3) Strains that produced cap.,ules when grown

in air in the absence of bicarbonate (Capa÷). Some of these synthesized

capsules both in the presence and absence of CO2 and a few did not grow in the

presence of 20% CO2 . From these experiments a series of colonies were

isolated to give 45 transposants which exhibit tha different phenotypes
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described above and of which at least 30 represent independent transposition

events. These transposants and their phenotypes are listed in Table 11.

Among the 45 confirmed transposants the majority showed capsule

synthesis only in the presence of bicarbonate and C02 , a few of them did not

form capsules in the presence or absence of bicarbonate and CO2 , and a few of

them produced capsules in air without added bicarbonate or CO2 . pX02 in most

of the transposants appeared to be of wild-type size. in some instances

pXO2::Tn9l7 appeared to be larger than wild type pX02, and a few transposants

contained deleted versions of pXO2::Tn917.

The pXO2:;Tn917 derivatives in some of the transposants that have the

Cpap phenotype have been observed to undergo deletions; deletions appear to

occur more frequently in such strains when they are grown in 20% C02, We now

have a collection of strains carrying deleted versions of pXO2::Tn917. Some

of these are Cap and others are Cap-. One of them, tp24-17, is very small

(probably less than 12 kb) but its host cells are still capable of producing

capsules. However, they appear to produce less capsular material than strains

carrying wild-type pX02, suggesting that the deleted form of the plasmid

retains the structural genes for capsule synthesis but requires an additional

determinant to enhance encapsulation.

As mentioned previously, some transposants appear to be polypeptide

overproducers. The "stringy" properties of their colonies and their

propensity to produce confluent growth (mixture of cells and polypeptide)

resemble characteristics of B. licheniformis with respect to polypeptide

production. Upon continued incubation the growth on agar plates loses its

mucoid characteristic and appears rough and "dry". This is characteristic of

B. licheniformis. Examples of transposants having this phenotype are 4229

UM12 tp49 and tp5O. Hybridization studies with these two transposants have

shown that in tp49 Tn917 is inserted into the plasmid and in tp5O Tn917 is

inserted into the chromosome. The observation that colonies of these

transposants appear rough and "dry" after a relatively short period of time

might suggest prcduction of a D-glutamyl polypeptidase. Such an enzyme has

been shown to occur in B. licheniformis, but to our knowledge there has been

no report of a similar enzyme in B. anthracis. It is interesting that the two

transposant3 which have similar phenotypes have Tn917 in different locations,

on pX02 in tp49 and on the chromosome in tpSO. To determine whether the
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insertion of Tn917 is responsible for the unusual properties of these two

transposants, we carried out the following experiments.
hnalysis of 4229 UM12 tpi9 and tp5O by CP-51 mediated transduction. To

provide evidence that the mutant phenotypes of 4229 UM12 tp49 and tp5O are the

result of Tn917 insertions rather than spontaneous mutations, transductions

were performed. Phage CP-51 was propagated on each of the transposants to

prepare lysates which were then used to transduce MLS resistance into

appropriate strains. Cells used as recipients for transduction of pXO2::Tn917

from tp49 were streptomycin resistant and cured of pX02. Strr MlS r

transductants were screened for capsule formation. Cells used as recipients

for transduction of the chromosomally inserted Tn917 were Strr and they

contained wild-type pXO2. Strr MLSr transductants were screened for capsule

formation.
The results show that in all instances MLSr transductants exhibited the

specific donor phenotype. To confirm the presence and location of Tn917 in

the transductants we carried out DNA-DNA hybridization experiment3 using 32p_

labelled pTV1 DNA as the probe. Results showed that when the donor was tp49

carrying pXO2::Tn917, the transposon was located on pX02 in the transductants.

Tranaductants which received MLS resistance from chromosomally-marked tp5O did

not show Tn917 on pX02; however, location in the chromosome was not clear.

This hybridization test is being repeated.

To gather further evidence for the location of Tn917 in the

transductants referred to above, we looked for spontaneous Cap- mutants that

had lost pX02 and tested them for MLS resistance. If a transductant carried

pXO2::Tn917, as would be expected when tp49 was the donor, then spontaneous

Cap- mutants which had lost pX02 should be sensitive to MLS antibiotics. Fiur

Cap- pX02" mutants isolated from such transductanta were all found to be

MLS." On the other hand, if a transductant carried Tn917 on the chromosome,,

as would be expected when tp5O was the donor, then spontaneous Cap- mutants

which had lost pX02 should retain resistance to MLS antibiotics. Six Cap-

pX02- mutants isolated from such transductants were'all found to be MLSr.

The above results suggest very strongly that in both tp49 and tp5O the

insertion of Tn917 is responsible fnr the mutant phenotype. We plan to study

these transposants further in an effort to understand how they differ

genetically and physiologically from the wild-type parent strain.
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Phenotype of transposant 4229 UM12 t$7. - . anthracis 4229 UM12 tp47 is

a Cape+ (Cap+ only in C02 ) mutant which does nit grow when incubated in air

without added CO2 . When cells are grown in medium containing sodium

bicarbonate and incubated in 20$ C02 , the colonies are mucoid. When cells are

incubated in air without added C02 , there is a high frequency of revertants

(or suppressed mutants) which grow in air. Such cells are probably more

likely to be suppressed mutants than true revertants; they retain their

resistance to MLS antibiotics and it seems unlikely that precise excision of

Tn917 alhd insertion at another site could occur at such high frequency.

Suppeessed cells seem to be of two types. One type appears to "feed" the

r eighboring mutant cells (or consume or otherwise inactivate a substance which

prevents their growth). The other type does not exhibit such activity. Under

the microscope mutant cells appear as "healthy" normal cells and suppressed

cells appear to be shorter, to have odd shapes, and to be frequently

fragmented (lysed).

It has been difficult to obtain good plasmid extracts from this mutant.

Cells for plasmid extraction could not be grown by the usual method in shaken

250-ml cotton-plugged flasks containing 25 ml of BHI broth with horse serum.

When cultured in screw-capped flasks (to retain any CO2 that was produced),

the cells grew better but quite slowly and such cultures contained a

significant proportion of suppressed cells, making it difficult to work with

plasmid extracts from a pure strain. Plasmid extracts from such cells

produced only faint bands in agarose gels.

Spores of 4229 UM12 tp47 were streaked on LPA plates with no sodium

bicarbonate and incubated at 37 0 C in 20% CO2 . Under these conditions cells

gave mostly rough colonies with only a few mucoid colonies. Rough and mucoid

colonies were streaked on LPA plates and incubated at 370 C in air. Those

colonies that were rough in CO2 (on agar without bicarbonate) did not grow in

air, and those that were mucoid in CO2 produced colonies in air that resembled

suppressed mutants. Taking advantage of thisobservation, we finally obtained

reasonably good plasmid preparations by extracting cells grown on LPA plates

with no sodium bicarbonate and incubated at 370 C in 20% CO2 for 24 hours.

We have shown that both mutant and suppressed cells of tp47 contain pX02

but because of the problems described above in obtaining good plasmid

preparations from this transposant we have not been able to obtain definite

proof that Tn917 is inserted into pX02 rather than into the chromoscme. We
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believe that pX02 is in the plasmid rather than the chromosome, and hopefully

we will be able to confirm this now that we have been more successful in

obtaining reasonably good plasmid preparations from the transposant.

Attempts to cure 4229 ON12 tpJ7 of pZ02 with novobiocin. In absence of

confirming evidence ttat the Tn917 insertion in tp47 is in pXO2, or that the

insertion itself is responsible for the mutant phenotype of tp47, we attempted

to cure this strain of the plasmid by growing cells in the presence of
novobiocin. However, we have been unsuccessful in finding any cured colonies.

Carbon dioxide-dependency of 4229 1U12 tp47 for growth. To determine

whether tp47 actually requires CO2 for growth or whether it grows in 20% CO2

as a result of reduced oxygen tension, we tested the mutant for ability to

grow on agar plates in different atmospieres: air, 5% CO2 , 20% C02 , 80% N2 ,

and without 02 in an anaerobic chamber. The media used in these experiments

were as follows: LPA and minimal 1C for air, 80% N2 , and anaerobic chamber;

LPACO3 (LPA with sodium bicarbonate) and minimal ICCO3 (minimal 1C with sodium

bicarbonate) for CO2 . Cells grew as mutants (almost no growth) in air and 80%

I 2 , giving suppressed type of colonies only in air. They did riot grow in the

anaerobic chamber. In 5% and 20% CO2 colonies were mucoid, but they grew more

slowly in 5% CO2 than in 20% CO2.,

To determine whether CO2 is required only for initiation of growth of

tp47 or whether it is required for sustained growth, cells were streaked on

LPA plates which were incubated for 3 hours at 37 0 C in 5% or 20% CO2 and then

transferred to air at 37 0 C. The results were similar to those obtained when

the plates were incubated in air with no previous CO2 incubation. Thus, we

conclude that tp47 has a definite requirement for C02 , and although it grows
in CO2 without added bicarbonate, it requires bicarbonate for capsule

J2
formation.

The reason that 4229 UM12 tp47 does not grow in air remains unclear but

it is probably not due to a nutritional requirement for CO 2 It seems more

likely that the CO2 requirement results from a defect in some regulatory gene.

Transfer of pX02 from Capa+ transposants to pXO2-oured strains by

mating. To confirm that Tn917 insertion is responsible for the Capa+ (Cap+ in

air) phenotype observed in some transposaits, the B thuringensis conjugation

system was used to transfer pX02 to strains previously cured of pX02. The

fertility plasmid pXO12 was introduced into 4229 UM12 tp58 Cap using

Weybridge A UM23-21(pXO12, pBC16) as a donor. MLSr Tcr transcipients of tp58
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were selected on L agar containing inhibitory concentrations of erythromycin,

lincomycin and tetracycline. Transconjugants were subsequently screened by

phase microscopy for the presence of parasporal crystals and by plasmid

profiles in agarose gel electrophoresis.

* .Samples of tp58 transcipients that had inherited both plasmids, pXO12

* "and pBC16, were then used as a donors in a second mating with B. anthracis

Strr, pX02" strairs as recipients. Transcipients were selected on L agar

containing streptomycin, erythromycin and lincomycin. Capsule production in

air was observed in all pXO2::Tn917-containing transcipients, resembling the

phenotype from the donor strain.

Having now shown that capsulated cells can participate in conjugation,

we will use this approach to transfer the pX02::Tn917 derivative present in

tp47 to other cells to test whether the phenotypic characteristics of tp47 are

acquired by cells inheriting the plasmid. We can not transfer the plasmid of

tp47 by transduction since the strain does not grow in air and it is

capsulated when grown in CO The transducing phage CP-51 does not infect

capsulated cells.

Locatio- of Th917 in some Tn917-tagged pZO2 derivatives by restriction

and DNA-DNA hybridization. Preliminary data obtained from EcoRI digestion of

four pXO2::Tn917 derivatives showed that Tn917 had inserted into different

sites in pX02 as confirmed by DNA-DNA hybridization using 3 2 P-labelled Tn917

as the probe. Analysis showed that Tn917 had inserted into different regions

on the four plasmids examined, thus accounting for the differences in the
a+observed phenotypes. The following results were obtained: tp24, Cap

insertion in a ca. 11.9-kb fragment; tp7, Cap-, insertion in a ca. 6.2-kb

fragment; tp49, CapC+, polypeptide overproducer, insertion in a ca. 8.8-kb

fragment; tp24-17, a Cap deletion-derivative (deletion greater than 70-kb),

insertion in a ca. 7.9-kb fragment.

I11. Characterization of the conjugative plasmid pLS20 of Bacillus subtilis

A minor part of our effort during the past year was spent on further

characterization of the conjugative plasmid, pLS20, which encodes genes for

plasmid transfer among strains of B. subtilis, B. cereus, B. anthracis, and B.

thuringiensis. Included here is a review of the work on pLS20 that has been

carried out since our first publication (7) on that subject.
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We have identified a 10.8-kb BiII fragment of the plasmid that is

responsible for the transfer proficiency of the host organism. Transposon

insertions within this region generated mutant plasmids which showed

alterations in the transfer phenotype, and deletions of this region rendered

the host organism completely transfer-defective. Cloning of the 10.8-kb

fragment into the gram-positive cloning vehicle, pBD6 4, rendered the host

organism transfer proficient, thus confirming t'at the fragment is necessary

and sufficient for conferring conjugal transfer ability on host cells.

Suppression of motility ot B. subtilis cells harboring pLS20 is a second

plasmid-encoded phenotype that can be attributed to the plasmid. This

suppressioa of motility was observed with cells harboring pLS20 and

transposon-tagged derivatives thereof, and reversion to wild-type motility was

found in cells harboring deletion derivatives of the plasmids. Additionally,

B. anthracis cells harboring pLS20 appeared much more dense in electron

microscopic analysis than cells of the same strain not carrying pLS20,

suggesting the presence of some sort of coating on the cells. Clewell et al.

(5) reported that E. faecalis cells harboring the pheromone-responsive

conjugative plasmid pPD1 produce a "fuzzy" coating thought to be an

aggregation substance. Although pLS20 does not appear to encourage the

formation of donor and recipient aggregates in the manner that pPD1 does,

perhaps the coating on B. anthracis cells carrying pX02 is related in some way

to the mating event.

Generation of pLS20::Tn917 derivatives. Studies to localize the

transfer-related sequences on pLS20 were initiated by the generation of pLS20

derivatives mutagenized by transposon insertion. The temperature-sensitive

transposition selection vector pTV1 was employed to generate insertions of

Tn917 in PSL1, UM3 (pLS20, pTV1, pBC16). Following induction of transposition

and curing of pTV1 from these cells, the Cms ML r isolates were examined for

the location of Tn917 within their genomes by BLII digestion of plasmid DNA

isolated from celli. Tn917 is cleaved twice by BlII, thus yielding a

characteristic 1.7-kb internal fragment.

Utilizing this approach we screened 150 independently isolated colonies

for the location of the transposon. Tn917 exhibited a strong preference for

insertion within plasmid DNA, as over 60% of the insertions obtained (97/150)

were in pLS20 rather than chromosomal target sites. However, agarose gel

electrophoresis revealed that among the 97 pLS20::Tn917 isolates examined by
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Bg.II digestion, only 9 different restriction patterns were generated. go

insertions in the 4.2-kb tetracycline resistance plasmid, pBC16, were

observed. These pLS20::Tn9a derivatives were designated pX0505 to pX0513.

Trausfer phenotypes of pLS20::Tn917 mutants. The B. subtilis

transposants harboring one of the pLS20::Tn917 derivatives pX0505 through

pX0513 and the nonconjugative, mobilizable plasmid pBC16 were tested for their

ability to transfer the Tn917-tagged fertility plasaid or pBC16 to B. subtilis

168 UM47. Table 12 illustrates the rapresentative transfer abilities of the

mating pnenotypes that resulted.

Transfer proficiencies of the donor cells were quite varied. Insertions

of Tn917 in derivatives represented by pX0509 resulted in abolishment of or

extreme reduction in transfer abilities, i.e., the transfer of the fertility

plasmid and the transfer of pBC16 were either totally abolished or greatly

reduced. These plasmids included pXO505, pX0507, pXO509, pXO510, and pX0513.

Transposons insertions generating pXO506 and pX0508 abolished self-

mobilization but functions required for mobilization of other plasmid DNA,

e.g., pBC16, appeared to be intact as tetracycline-resistant transconjugants

were obtained.

The insertion in pXO512 did not seem to affect the transfer abilities of

the host organism; thus, the transposon had inserted within a region of pLS20

DNA that carries information unrelated to transfer. pXO511 represents still

another phenotype. Inasmuch as the insertion of Tn917 in pX0511 did not

appear to affect the ability of the plasmid to transfer itself if direct

selection for MLS resistance was applied, the establishment of the transferred

plasmid once in the recipient is probably affected. As shown in Table 12, the
r2number of MLS transcipients was fairly high, 3.1 x 102. This indicates that

the transposon insertion did not affect any locus specific for self-transfer.

However, of the 22 tetracycline-resistant transiipients screened for co-

acquisition of the fertility plasmid, none simultaneously inherited pXO511.

This suggests that stable inheritance of the fertility plasmid was affected by

the insertion of the transposon and, thus, pressure for plEsmid maintenance

had to be applied.

These data allowed the assignment of the pLS20::Tn917 derivatives to

three distinct classes based on their transfer phenotypes. Class I plasmids,

exemplified by pXO505, pXO507, pX0509, pXQ510, and pX0513, are phenotypically

transfer deficient, indicating insertional inactivation of a trans-acting
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mating factor. Class I1 plasmids, exemplified by pXO506 and pXO508 are able

to promote the mobilization of nonoonjugative plasmids but cannot transfer

themselves, suggesting that the insertions have interrupted a ci-acting

region of the transfer DNA sequences. Class III plasmids include pXO511 and

pX0512, in which the transfer potential of the plasmids are unaltered by

transposon insertion.

To confirm that the aberrant transfer phenotypes were a direct result rf

the insertion of Tnhj into transfer-associated DNA and were not a result of

Tn = -induced plasmid instability, viable colony counts of PSLI donor cells

harboring pLS^LO::Tn927 derivatives were done on nonselective #gar and on

plates containing erythromycin. As is evident in Table 13, the percentage of

MLSr cells in the populations did not correlate with transfer efficiencies of

the particular donor cells. For example, populations harboring pX0509 or

pX0112 showed comparable proportions of MU r cells, approximately 95%, but

pX0509 was transfer deficient while pX0512 exhibited wild-type frequencies of

plasmid transfer. in addition, the pLS20:Tn17l derivatives pXO505 to pX0513

eare introduced into a pBC16-containing rifampycin-resistant 168 strain either

by matine or by protoplast transformation and then used as donors ofMLS

resistance and tetracycline resistance to Strr 168 recipients to determine the

effect& of donor strain variation (PSL1 compared with 168) on the mating

proficiencies. The numbers of tranacipients obtained (data not shown) were

comparable to the numbers of transcipients obtained from the matings shown in

Table 12. Thus, the different transfer phenotypes exhibited by the donor

cells weoe not the result of plismid instability or differences in the

oellular physiology of particular host cells. Rather the insqrtion of the

transposon within pLS2O led.directly to the aberrant transfer phenotypes of

these pLS20:Tnj3 -containing donor cells.

Isolation of transfer-positive insertion mutants. Ninety three of the

97 pL320::Tn.? derivatives mentioned above contained insertions leading to

defective transfer phenotypes. To obtain more insertions within pLS20 that

did not affect a region of the plasmid encoding transfer functions, we used

the procedure of Koehler and Thorne (7). A culture of S. subtilis PSLI

.4l3(pLS20, pTV1, pBC16) that was-induced for transposition of Tn917 by growing

in tne presence of erythromycin and lincomycin at 48°C was used directly as

inocilum for cells to be used as donors of 4L13 resistance to B. subtilit ,G2O

tlUM and 168 UM21 recipients in membrnne matings. The procedure relimd on the



observations that the transposition vector pTV1 could not be mobilized by

pLS20 and no transposition of Tn21T to pBC16 had been observed when the

induction and curing experiments were performed in B. subtilis PSL1 UM3.

Thus, any MLSr transCipients obtained would presumably result from transfer of

the transpson-tagged fertility Vlasmid. This procedure had previously allowed

the isolation of four Tra+ pLS20::Tn97 derivatives, pXO501 to pX0504 (7).

Plasmid DNA was extracted from the MLSr B. subtilis transcipients

obtained and subjected to restriction endonuclease digestion with BPf11 to

confirm that the transposon was located on the plasmid. The Tra+ pLS20::Tn917

derivatives, pXO501 to pXO504 were also analyzed by digestion with BglII.

Results indicated that this method was successful in generating 7 different

insertion derivatives: the three unique insertions in the previously isolated

derivatives pX0501 to pX0504 (pX0503 and pXO504 appear to be identical as

judged by restriction analysis) and four unique insertion derivattves isolated

in this study, designated pXO514 to pXO517. Five of the seven derivatives

contained Insertions that were within the 27.0-kb BgII fragment of pLS20

'(pXO5OI,.pX0503, pX0514, pX0515, and pX0516), one derivative contained an

insertion within the 14.4-kb Pg&11 fragment (pXO502), and one contained an

insertion in the 5.4-kb BgLII fragment (pX0517). These results, in

conjunction with the restriction data obtained from analysis of pXO505 to

pX0513, provided evidence that the portions of the 27.0-kb, 14.4-kb, and 5.4-

kb 8glIZ fragments into which the transposon inserted do not encode functions

necessary for conferring transfer proficiency upon a host organism.

The plasmids pXO501 to pXO504 and pXO514 to pX0517 were grouped into the

Class III derivatives along with pX0511 and pXO512 described earlier. These

plasmids conferred a Tra+ phenotype upon the host organism identical to that

conferred by the parental pLO'20.

Isolation and characterIzation of pLZ20i:Tn91• Deletions. The

localization of transfer functions on pLS20 was aided by the study of deletion

mutants. We observed that growth of some of the Tn917-tagged pLS20

derivatives, namely pXCO03, pXO504, and pXC513, in the presence of selective

loevels of erythromycin resulted in the formation of deletions. Passage of the

cells that harbored pXO503, pXO504, or pX0513 several times in LG broth

iupplemented with I ug of erythromycin per ml resulted in a deletion of ca. 16

kil¢bases of DNA, approximately one fourth of the pL320 molecule. Once this

DNA was lost the pla3mids were stable and appeared to undergo no further



deletions. This phenomenon was demonstrated to occur when the plasmids were

present either in B. subtilis or B. anthracis cells. The deletions occurred

spontaneously at a high rate, and their formation was enhanced by growth in

selective levels of erythromycin, suggesting that erythromycin was inducing

the formation of deletions. Growth of strains carrying the other pLS20::Tn917

derivatives in selective levels of erythromycin did not yield detectable

deletion derivatives, nor did wild-type pLS20 when passaged several times in

LG broth. This, along with data mentioned below in regard to the specific and

nonrandom nature of the deleted DNA and endpoints, suggests that the location

of at least some of the genes required for plasmid maintenance are located

proximal to the newly created junction of DNA frarments folloAing deletion.

The B. subtilis and B. anthracis strains harburing the deletion

derivatives were tested for the ability to promote conjugal transfer of

erythromycin resistance and tetracycline resistance. The results showed that

they were totally transfer-deficient. Neither pBC16 nor the deleted

pLS20::Tn917 derivatives were transferred, suggesting that the pLS2O DNA

sequences lost in the deletion derivatives were required to confer transfer

proficiency upon the host organism.

Molecular characterization of the deletion derivatives. To confirm the

location of the transposon on the deletion derivatives, they were digested

with the restriction endonucleases AVal, BglIl, and Stul and the lesulting

fragments were tested for hybridization with 3 2 P-dGTP-labelled Tn917 DNA.

Undeleted pX0503 was also tre.ted in the same manner, The fragments snowing

homology to the probe DNA were as expected. The hybridization patterns

indicated that only one copy of Tn9= was present in the deletion deriVatives

and the position of the transposon was located in the same region of the

deleted plasmid as it was in the parental transposon-tagged plasmid.

The complement of restriction fragments generated by the above enzymes

indicated that the size of the deletion derivative was ca. 54 kb, 5.2 kb of

which was Tn917. The parental plasmid, pX0503, is 69.4-kb, including the 5.2-

kb Tn917. Thus, the deletion derivative has lost approximately 16 kb of pLS20

DNA. The restriction patterns indicated that the region of pLS20 deleted in

the derivative encompassed the 10.8-kb PjLII fragment, as well as the 2.8

BglII fragment and a portion of the largest ?&III fragment. The 14.4-kb, 6.5-

kb, and 5.4-kb BglII fragments all appeared to be unaltered in the transfer

defective deletion derivative. Restriction analysis of plasmids from random
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single colony isolates from a culture of B. subtilis (pX0503) that had been

passaged several times in broth containing erythromycin showed the majority of

the cells (15 out of 16) contained plasmid DNA that exhibited identical

restriction fragment patterns, providing strong evidence for specific

deletions and nonrandom endpoints. These data, in conjunction with the

insertion data presented earlier in which the insertion of Tn91T into the

10.8-kb EglII fragment led to aberrant transfer phenotypes, confirms that this

region of pLS20 contains information necessary for conferring the transfer-

positive phenotype upon the host cell.

Cloning of the transfer region of pLS20. Conclusive evidence that the

10.8-kb 8411 fragment encodes all the information necessary for conferring

transfer proficiency upon the host cell was provided by cloning the 10.8-kb

BglII fragment into the 4.8-kb gram-positive insertional inactivation vector

pBD64. The vector contains one cleavage site that is recognized by I1

within the gene encoding kanamycin resistance. pX0503 DNA isolated from B.

subtilis 168 UM42 was restricted with PjL1 and the 10.8-kb fragment was

purified by electroelution and ethanol precipitation. The fragment was

ligated to pBD64 DNA that had been linearized by digestion with !iII.

Protoplasts or competent cells of 3. subtilis 168 UM47 or 168 UM48(pBC16) were

transformed with the ligation mixture and Cmr transformants were selected.

Transformants were then picked to kanamycin plates to identify colonies

carrying Cmr Kms recombinant molecules.

Those cells harboring recombinant plasmids were tested as donors of

chloramphenicol resistance to B. subtili3 163 UM21. Transcipients were

obtained from those membrane matings in which the donor cell contained a

pBDu4:;10.8-kb plasmid derivative. Confirmation that the 10.8-kb glII

fragment was, in fact, cloned into pBD64 was obtained by DNA-DNA hybridization

utilizing 3 2 p-labelled 10.8-kb 3_lI fragment of pLS20.

T?7e Tra* recombinant plasmid is designated pX041. S. subtilis 168

UM63(pXO41) was employed as a donor of chloramphenicol resistance to B.

3ubtilis 1020 UMIO(pLS19). Cne of the resulting Cmr transcipients, 1020

UM11(pX041, pL319), was then used as a donor to test for the presence of

nec(sary trans-acting mating factors on the recombinant plasmid. T. Koehler

had previously mhown in my laboratory that pLS20 is capable of mobilizing the

-ryptic piasmid pLS19; thur, it was a suitable choice for testing the

capabilities of pXC41 to mobilize other plasmids. Plasmid profiles of the
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resulting Cmr transcipients revealed that ca. 25% of them acquired pLS19 along

with the recombinant plasmid pXO41. Thus, the 10.8-kb PglII fragment of pLS20

is necessary and sufficient for conferring transfer proficiency upon its host.

Physical map of pL.320 . Restriction analysis of pLS20, the pLS20::Tn917
derivatives, and the Tra" deletion derivatives has allowed the construction of

a partial physical and genetic map of pL20. The physical organization of the
64.2-kb plasmid is shown in Fig. 1.

Electron licroscopiC studies of pL320-containing host cells.

Conjugative mobilization of plasmids sometimes involves the production of
transfer-specific macromolecules such as the pili encoded by the F plasmid or

the clumping inducing agents specified by the streptococcal fertility plasmids

in the pheromone-directed systems. To determine whether pLS20 encoded any

type of macromolecular surface component, electron microscopy was employed to

compare the surface of cells harboring pLS20 to the surface of cells which did

not contain the plasaid. Cells of both B. subtilis and B. anthracis in log

phase growth were stained with uranyl acetate and examined by scanning

electron microscopy.

No pili-type structures were apparent. However, B. subtilis cells

containing pLS20 did not have flagella, in contrast to B. subtilis cells of

the same strain but not containing pLS20 which were characteristically

peritrichously flagellated. S. anthracis cells are nonmotile and do not have

flagella. However, B. anthracis cells carrying pLS20 appeared to be more

dense than cells or the same strain not carrying pLS20, suggesting the

presence of a new component on the cell surface.

A variety of B. subtilis strains harboring pLS20 were examined for their

ability to produce flagella. This was accomplished by screening cells for

their motility phenotype in 0.4% agar plates. The results were the same for

all strains tested; the B. subtilis cells harboring pLS20 were nonmotile

whereas their plasmid-free parents were highly motile.

After several days of incubation some outgrowth appeared from the pLS 2 0-

containing colonies on 0.4% agar plates. When this outgrowth was inoculated

into the center of fresh soft agar plates, the cells were found to be motile.

Examination of the DNA content of cells from the center of the colony and

cells from the edge of the motility plate revealed that those celli which had

migrated toward the edge of the plate had lost pLS20. This provided

additional evidence that pLS20 was responsible for the suppression of motility



of its host cell, as curing of pLS20 from the cells was concomitant with the

return of motility. Thus, these observations indicate that the presence of

pLS20 suppresses the production of flagella rendering the host cell nonmotile.

Motility of cells containing pLS2O::Tngj1 plasmids. All pLS20-

containing strains of B. subtilis tested were nonmotile. The pLS20::Tn917-

containing strains were also screened in a similar manner to determine whether

Tn917 had inserted irto the region of pLS20 responsible for suppression of

motility. As with the parental plasmid pLS20, nll the TnUZ-tagged

derivatives also suppressed motility. Thus, none of the Tn917 insertions

occurred within the region of pLS20 involved in suppression of motility.

After several days of incubation of motility agar plates, however, some motile

outgrowth was observed from cells containing pX0503 and pX0504. Plasmid

analysis indicated that nonmotile cells taken from the point of inoculation

contained the parental pLS20::Tn927 plasmid, whereas motile cells from the

outgrowth either contained a deleted from of the plasmid or had been cured of

the plasmid. This indicated that the region of pLS20 responsible for

suppression of motility appears to be within the ca. 16-kb of pLS20 DNA that

is lost in the deletion derivatives. When B. subtilis 168 UM63 harboring the

Tra* recombinant plasmid, pXO41, was inoculated into the center of a soft agar

plate, a colony of nonmotile cells formed at the point of inoculation.

However, the parent strain, B. subtilis 168 UM47 from which 168 UM63 was

derived, was motile. Thus, the region of pLS20 that suppresses motility is

probably within the 10.8-kb 24111 fragment and its function may be related to

transfer proficiency.
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TABLE 2. Location of the toxin structural genes on pXO1.1

Hybridization to fragments (kb)

from pXOt.1 digested withProbea Toxin geneb____________________

BamHI PstI EcoRI

pPA101 2A 6.0 18.1, 6.0 6.2, 5.6

pLF7 lef 34.8 6.6, 6.0 5.8, 5.6, 0.7
pSE42 cya 7.4, 18.1, 5.5 8.0, 3.1, 1.1

a The probes were radiolabelled with 3 2 P-dGTP by nick translation.

b bag, PA structural gene; lef, LF structural gene; cya, EF structural gene.

'-9

9..
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TABLE 3. Phenotypic characterization of B. anthracis strains containing

pXO1.1::Tn917 derivatives

Phenotypic characteristics

Straina
Halo Sporulationc Sensitivi~y
assayb at 37°C to CP-51

UM23 (pXO0.1) 1 Osp

UM23C1 (pX01.1") - Spo÷ +

UM23 tp43 + Osp
UM23 tp44 Osp -

UM23 tp45 O.p
UM23 tp46 Osp

UM23 tp47 Osp<Spo-

UM23 tp48 - Osp
UM23 tp49 * Spo+ +e

UM23 tp5l Osp

UM23 tp52 - Asp
UM23 tp54 Asp

'UM23 tp60 - Osp
UM23 tp62 +g Asp

UM23 tp63 Osp

UM23 tp64 + Osp<Spo÷ -

UM23 tp65 + Osp +f

.DM23 tp66 + Osp

UM23 tp67 Asp

UM23 tp69 Osp

UM23 tp7l Spo÷ +e

DM23 tp75 + Osp

UM23 tp76 + Osp

a tp, transposant.
+, strains formed halo (PA+); -,PA-.
Extent of sporulation was determined by phase-contrast microscopy. Asp,
asporogenous, (further analysis is necessary to confirm this phenotype);
Osp, oligosporogenous; Osp<Spo+, extent of sporulation greater than Osp, but

d less than Spo+; Spo,+ extensive sporulation.
e +, plaque formation; -, no detectable plaques.e Very small plaques compared to those on pXO1.1- strain'.

Plaques similar in size to those on pXO1.1- strain but more turbid.
g PA 'produced in the presence or absence of added bicarbonate and CO
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TABLE 4. PA production by Weybridge A UM23 and UM23 tp62
grown statically in CA brotha

PA assayb of samples taken at
Strain CA brothc

15 h 20 h 25 h

UM23 tp62 pH 7.0 1 2 2

UM23 tp62 pH 7.5 2 8 16

UM23 tp62 pH e.0 2 8 16

UM23 tp62 pH 8.5 <1 4 16

UM23 tp62 plus NaHCO 3  1 8 32

UM23 pH 7.0 <1 <1 <1

UM23 pH 7.5 1 1 1

UM23 pH 8.0 1 2 2

UM23 pH 8.5 2 4 8

UM23 plus NaHCO <1 4 16
3

a Cultures were grown statically in 100 ml of the designated CA broth in 250-

ml cotton-plugged flasks ac 370 C.
b PA titers are expressed as the reciprocal of the highest dilution that

produced a detectable line of precipitation.
c The CA broth contained no bicarbonate except where Indicated.
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TABLE 5. PA production by Weybridge A UM23 and UH23 tp62

in shaken flasksof CA brotha

PA assayb of samples taken at
Strain CA brothc

5 h 10 h 15 h 25 h 30 h

LUH23 tp62 pH 6.5 <1 <1 <1 <1 <1

UM23 tp62 pH 7.0 <1 4 4 2 d <1

UM23 tp62 pH 7.5 <1 8 32 2d <1

UM23 tp62 pH 8.0 <1 <1 32 2 d <1

UM23 tp62 pH 8.5 (1 <1 8 16 (1

U1M23 tp62 Plus NaHCO NO NMG MG NG NG
3

UM21 pH 6.5 (1 <1 <i <1 <1

UM23 pH 7.0 <1 <2 <1 <1

UM23' pH 7.5 <1 4 1i <1 (1

UM23 pH 8.0 <1 2 1f <1 <1

M123 pH 8.5 <1 <1 8 <1 <1

UM2'3 Plus NaHCO3 <1 <1 <1 <1 <1

a Cultures were grown at 37 0 C in 100 al of the designated CA. broth in 250-el

cotton-plugged flasks shaken at 100 rpm.

b PA titers are expressed as the reciprocal of the hig@est dilution which

produced a visible line of precipitation.
The CA broth contained no bicarbonate except where indicated.

Precipitin band was formed at a position near the antiserum wel! unlike the

precipitin band for PA which was formed closer to the sample wel:. This may

represent a degraded form ef PAM
a NG, no growth.

No line of identity was observed with the PA band.
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TABLE 6. Altered toxin phenotypes of some Weybridge A UM23 strains
containing pXO1.1: :Tn917 derivatives

Strain Altered phenotypes(a)

UM23 tp62 PAa+, LFa+

UM23 tp18 PA"

UM23 tp26 PA-
UM23 tp29 PA +/-(b), EF"(b), LF +/-(b)

UM23 tP32 PA"(b), EF+(b) LF*/-(b)

UM23 tp38 PA

UM23 tp27 No altirations(b)

(a) PA and LFa., the designated phenotypes for mutants that produce PA and

LF, respectively, in medium containing no added bicarbonate and incubated

in air without added C02. The phenotype for LFa was determined by T.

Koehler in J. Collier's laboratory at Harvard University.

(b) The phenotypes for the toxin components (PA, EF, and LF) were determined

by Dr. S. Leppla at USAMRIID.



TABLE 7. BamHI restriction profil s of pXOl,1

and pXO1.1::Tnj1 derivatives

2!m0I fragments (kb) f rom'

pX01.1 tp 6 2 b tp18b tp 2 6 b tp2gb tp 32 b tp 3 8 b tp 2 7 b

38.7
38.7 38.7 38.7 38.7 38.7 38.7 38.7 38.7
34.8 34.8 34.8 34.8 34.8 34.8 34.8

26.2 26.2 26.2 26.2 26.2 26.2 26.2 26.2

19.9 19.9 19.9 19.9 19.9 19.9 19.9 19.9

19.5 19.5 19.5' 19.50 19.5 19.5'

14.6 14.6 14.6 14.6 14.6 14.6 14.6 14.6

13.9 13.9

7.7 7.7 7.7 7.7 7.7 7.7 7.7 7.7

7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4

7.1 7.1 7.1 7.1 7.1 7.1 7.1 7.1

6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6

6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0

3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9

a Boldface numbers represent new fragments not resent in the profile of

wild-type pX0 1.1.
The Bam•I restriction profile was determined for pXO1.1::Tn•l

derivatives isolated from these transposants.
These new Bam._I fragments contained Tn917 as determined by DNA-DNA

hybridizations using 3 2 P-labelled Tn917 as th probe.
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TABLE 8. BamHI and PstI restriction profiles of pXO1.1::Tn.17 deletion
derivatives from Weybridge A UM23 tp49 and tp7l

BMI fragments (kb) froma PstI fragments (kb) froma

pX01.1 tp49b tp71 b pXO1.1 tp49b tp71 b

ca 40.0 18.7
38.7 18.1
34.8 34.8 16.2
26.2 ca. 16.0
19.9 ca. 12.9
14.6 11.6

ca. 13.9 10.7
13.9 10.7
7.7 10.1
7.4 9.3
7.1 9.3 9.3 9.3
6.6 5.6
6.0 6.6 6.6 6.6
3.9 6.3 6.3

6.0 6.0
5.7
5.5
5.2 5.2 5.2
14.7
4.1
3.4
2.8 2.8
2.1
1.7
1.3
1.1
I.-%

0.8
0.7
0.5
0.14
0.3

a Bcldface numbers represent fragments not typically observed in Barnl or P3t7

digests of wild-type pXO1.1. These fragments were shown to contain Tn917 as
determined by DNA-DNA hybridizations using 3 2 P-labelled pTVI as the probe.
The BamHI or PstI restriction profile was determined for r',I1.1::Tn917
deletion derivatives isolated from tp49 or tp7l.



TABLE 9. Location of Tn917 and toxin structural genes on pXO1.1::Tn917
deletion derivatives from Weybridge A UM23 tp49 and tp7l

Hybridization to Hybridization to
BamHI fragments (kb) from PstI fragments (kb) from

Probea --

pX01.1 tp49 b tp 7Tb pXOl.1 tp49b tp 7 1b

Tn917 -o 40.0 13.9 - 12.9 16.0

pPA101 6.0 40.0 - 18.1, 6.0 12.9, 6.0 -

pLF7 34.8 40.0 34.8 6.6, 6.0 6.6, 6.0 16.0, 6.6

pSE42 7.4 - - 18.1, 5.5 - -

a The probes were radiolabelled with 3 2 P-dGTP by nick translztion. Tn917 was

isolated from pTV1; pPA101, pLF7, and pSE42 contain the PA, LF, and EF

structural genes, respectively.b bBamI or PstI fragments were generated from digestion of pXO1.1::Tn917

deletion derivatives isolated from tp49 and tp7l.

-, no hybridization detected.
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TABLE 10. Phenotypic characteristics of Weybridge A

UM23C1 tdsl(pX01.1::Tn917Al)a and its derivatives

Phenotypic characteristics

*Sporujlation b Sensitivity
Strain at 37'C to CP-51la

A UM23 (pX01.1*) Osp

A UM23C1 (pX0l.1V) Spo +

UM4I4-1 (pXol+) Spo*

tUM4A4-iC9 (pXolV) Spo*

A UM23C1 tds1(pX01.1::Tn9l7tA1) Osp

A EJM23C1 tdslCl(pXO1.1::Tn917l)- Spo+

A UM23C1 tdslC2(pX01.1::Tn=61)- Spoa

UM44-1C9 tdl3(PX01.1::Tngj7Al) Osp

UM4J4-1C9 tdl4(pXQ1.1::Tn = Al) 03P

a pXO1.1::Tn217tA1 is a deletion derivative of pXO1::Tn917 obtained by CP-51-

mediated transduction of pXO1.1::Tn917 from Weybridge A UM23 tp2A to

b UM23C1(pXO1).
Qsp, oligosporogenous; Spo+, extensive sporulation.

.,plaque formation; -,no detectable plaques.
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I.

TABLE 13. Viable colony counts of B. subtilis donor cells

harboring pLS20::Tn= derivativesa

CFU/ml on

Plasmid L agar LEL agar % .. r

pX0508 3.5 X 108 3-3 x 108 94%

pX0509 6.2 x 108 5.7 x 108 92%

pX0511 3.1 x 107 3.1 x 107 100%

pX0512 4.2 x 107 4.0 x 107 95%

pX0513 3.1 x 107 3.0 x 107 97%

a
The number of colony forming units per al was determined by

diluting the log-phase culture in 1% peptone and plating the

appropriate dilutions on L agar and L agar supplemented with 1

mg of erythromycin and 25 ug of lincomycin per ml. The

percentage of cells retaining the pLS20::Tn917 derivative was

determined by dividing the number of MLSr cells by the total

number of cells in the population.
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A A v.amlHlI
60()

a s a s tra

gi s pLS20
•I ~ (64.2 kb)"•

20.st3 t pO31 T

de t Th ti atul

40 25 5t-.

33 0 A v. ..a l

Aval Ba..mmHI

pIG. 1. Physical and functional map of pLS20. The mapi n withinith an
Aval site taken as the refeo ence point. Sequences lost from the deletion
derivatives are shown by the innetmaost are and are assigned the numbers ofnthe
plasmid designations; e.g., 20.3A1 represents theDNA lost from pXO5036I. The

deletions encompassed ca. 16 kb of DNA and rendered the host cell transfer-
deficient. The itra regon is represented by the filled in area. Arrows are
positioned at sites of Tn91__7 insertions that are contained within the 1O.8-kb
BglII fragment which contains the tr_.a region, All insertions within the tr.aa
region led to aberrant transfer phenotypes. Insertions represented on the map
as dark arrows in the area of map coordinates 11 and 12 allowed mobilization
of pBC16 but led to abolishment of self-transfer. All other insertions within
the 10.8-kb BgIII fragment, denoted by empty ar'rows, led to a Tra- phenotype.

Insertions denoted by solid triangles had no effect on transfer phenotype.
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PUBLICATIONS

The following paper was published during this reporting period:

Heemskerk,.D. D., and C. B, Thorne. 1990. Genetic exchange and transposon
mutagenesis in Bacillus anthracis. Salisbury Medical Bulletin, Number 68,

Special Supplement 63-67.

The following Ph. D. dissertation was written on research carried out under

this contract:

Jaworski, Deborah D. Physical and genetic analysis of the Bacillus

subtilis (natto) fertility plasmid pLS20. Ph. D. Dissertation. University

of Massachusetts, Amherst. May 1990.
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FINAL REPORT

I. Sumary of Research

This is a summary of research on Bacillus anthrac1s carried out under

contract DAMD17-85-C-5212 during the five-year period August 1, 1985-July 31,

1990. Pertinent references to specific Annual Reports or publicationrs il the

scientific literature are indicated where appropriate.

The primary objective of the research was to gain information and to

develop genetic systems that will contribute to the development of an improved

vaccine for anthrax. The Weybridge (Sterne) strain of B. anthracis was used

primarily. This is an avirulent strain which is capable of producing toxin

but incapaole of producing capsules and has been used widely as a live spore

vaccine in domestic animals. Two other strains of B. anthracis that' were used

frequently in the research -re B. anthracis ATCC 6602 and 4229. These

strains, also avirulent or of low virulence, are capable of producing capsules

but incapable of producing toxin.

Transformation of 6. anthracis and Bacillus cereus

A number of reports have appeared in the literature on methods for

transforming B. anthracis, B. thuringiensis, or B. cereus with plasmid DNA.

However, until fairly recently we were unsuccessful in transforming B. cereus

and 2. anthracis by most, if not all, of the methods that were reported. The

main problem in transforming these organisms appears to be in the process of

regenerating protoplasts.

Recently (3) we have had considerable success with an unpublished

procedure for transformation of B. thuringiensis protoplasts with plasmid DNA

(Dietmar Schall, personal communication). We were successful in adapting the

procedure to B. cereus 569 and were able to transform protoplasts of that

organism with pBC16 and pTV1 DNA. Although we were not successful in rcp-o-

ducibly transforming B. anthracis by this procedure, once we had transformed

B. cereus with a plasmid such as pTV1 we could then transfer it to B.

anthracis by CT'-51-mediated transduction.

Very recently Stepanov, et al. (13) reported their method of

cryotransformation of B. anthracis. We have been able to use thin nethod

successfully in transforming B. anthracii with pBC16 and pTV1. The prcc!dure
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is outlined in the last Annual Report (5). In addition several procedures for

electroporation of bacteria have been reported recently and some of these have

been applied successfully to B. anthracis and B. cereus (3, 4, 5). Thus the

introduction of small plasmids into B. anthracis 1L no longer a problem.

However, in the electroporation and transformation methods plasmid size is a

limiting factor; transduction and conjugation remain the most reliable methods

for transferring large plasmids among B. anthracis Strains.

Transposon mutagenesis of the B. anthracis chromosome

pTVl is a transposition selection vector developed by Youngman (15).

This 12.4-kb plasmid contains the Streptococcus faecalis transposon Tn917,

which carries an erythromycin-inducible gene for MLS resistance. The plasmid

also carries a chloramphenicol resistance determinant and is temperature sen-
sitive for replication. It has been used to carry out transposon mutagenesis
in B. subtilis and other Bacillus species into which it can be introduced by
transformation or transduction. The fact that we were able to introduce small

plasmids into B. cereus and B. anthracis •y transformation or olectroporation

opened up the possibility of using pTV !'. transposon mutagenes3s in B.

Anthracis.
Introduction of pTV1 into plasmid-free derivatives of B. anthracis

provided suitable host strains to determine the ability of Tn917 to insert

within the chromosome and thus to utilize transposon mutagenesis as a tool
that woulai facilitate genetic studies of B. arthracis. These studies the

following aspects (1989):
1. Induction and selection of Tr917 chromosomal insertions in liquid

batch culture.
2. Recovery and phenotypic characterization of auxotrophic mutants

resulting from Tn917 chromosomal insertions.

3. Confirmation of insertional mutagenesis by transduction with phage

CP-51.

-Cells in which transposition of Tn917 and loss of pTVl had occurred were,

selected by replica plating colonies to L agar containing selective con-

centrations of erythromycin and lincomycin and to L agar containing 15 ug of

chloramphenicol per ml. Greater than 90% of spores prepared from mutagenized
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cultures were generally found to be transposants, i.e., Emr Lmr and Cm'.
Em•i Er CMs colonies were screened for auxotrophic mutants on minimal agar,

and mutant phenotypes were determined by supplementing minimal agar with

appropriate nutrients. Approximately 1% of the transposants tested were found

to be auxotrophic mutants (one was a pigmented mutant).

To determine whether tie mutants resulted from Tn917 insertions or

whether they resulted from coincidental spontaneous mutations, transductions

with CP-51 were performed as follows:

(i) CP-51 was propagated on each of the mutants and used to transduce

Weybridge A UM23 Ura" or B. cereus 569 UM20-1, respectively, with selection

for Emr Lmr transductants which were then tested fý.r acquisition of the

appropriate mutation. In each instance all of the MtSr transductants tested

(from 25 to 312 MLSr colonies each) displayed the new mutant phenotype that

had been acquired by the original transposant.

(ii) CP-51 was propagated on Weybridge A UM23 Ura" or B. cereus 569

UM20-1 and the respective auxotrophic mutants were transduced with selection

for the wild-type allele. These were then tested for sensitivity to Em and

Lm. In each instance all of the transductants tested (from 25 to 224) were

sensitive to the antibiotics. These experiments show that pTV1 can be used

successfully as a vector for transposon mutagenesis in B. anthracis.

Investigation of the B. anthracis toxin plasmid, pXO1

Several phenotypes have been attributed to the presence of the 184-kb

toxin plasmid, pXO;, in B. anthracis. Weybridge A strains cured of pXO1

exhibit changed phenotypes with respect to extent and rate of sporulation,

sensitivity to bacteriophage, toxin production, growth on minimal medium, and

colony morphology (14). One of our reasons for studying the genetics of pXO1

is to identify the regions of the plasmid responsible for conferring these

phenotypic characteristics upon tne host strain. Another reason for studying

pXO1 is to identify other phenotypes which may be associated with the presence

* of pXO1 in B. anthracis, The methods used for insertional mutagenesis of the

B. anthracis chromosome employing the transposition selection vector pTV1 were

used to isolate mutants carrying tran.poson insertions in pX01. Such mutants



have been extremely valuable in studying the biology of the B. anthracis

plasmids, pXO1 and pX02 (3, 4, 5).

Classification of pl01 from different B. anthraeis strains. We reported

(3) that Weybridge UM44 exhibited different plasmid-derived phenotypic

characteristics from those observed in Weybridge A strains. (It should be

recalled that the Trp" auxotroph, Weybridge UM44, was isolated from the "wild-

type" Weybridge strain, and Weybridge A was isolated from "wild-type"

Weybridge as a mutant that grew much better than the parent strain on a

minimal medium, minimal XO). The two strains, Weybridge UM44 and Weybridge A

(and auxotropha derived from the latter) differed in rate and extent of

sporulation at 370 C, phage sensitivity, and growth-characteristics on minimal

medium. However, UM44-derived strain3 into which pXO1::Tn917 derivatives from

UM23 were introduced showed characteristics similar to those typical of tM23.
No apparent differences were observed in BamHI restriction patterns of pXO1

from Weybridge'UM44 and pXO1 from Weybridge A UM23. However, there were some

differences in the PstI and EcoRI restriction patterns of pXO1 from the two

strains. Because of differences observed in the toxin plasmid from the two

strains, we have suggested that the plasmid of Weybridge UM44 be designated

pXO1 and the one from Weybridge A strains be designated pXO1.1. Similarly,

the toxin plasmid from other B. anthracis strains will be designated pXO1.2,

pX01.3, etc., as they are characterized.

Transposon mutagenesis of pt01.1. Our approach with respect to

transposon mutagenes3is of pXO1.1 using the transposition selection vector pTV1

has been to isolate MLS-resistant, chloramphenical-sensitive colonies altered

in particular plasmid-derived phenotypes. The mutagenesis procedure was the

same as that used for chromosomal insertions. Colonies from mutagenized

cultures were screened for protective antigen production on halo immunoassay

plates incubated in 20% CO2 or in air (bicarbonate was omitted from those

plates incubated in air). The same colonies were also screened for phage (CP-

51) sensitivity and sporulation characteristics. Transposants which exhibited

altered phenotypes were then tested by DNA-DNA hybridization, with Tn917 DNA

as the probe, to determine whether the transposon had inserted into the

chromosome or pXO1.1.

As described in annual reports (4, 5) we have isolated a large number of

mutants which have Tn917 inserted into pXO.1. In some inst ces the

pXO1.1::Tn9l7 derivatives were unstable and generated large deletions; thus,
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deletion inalysis has also been employed to study the genetics of this toxin

plasmid. I Several transposants and deletants have been isolated which exhibit

altered phenotypes with respect to extent and rate of sporulation, sensitivity

to bacter .ophage, and toxin production. Restriction analysis has revealed

regions of the plasmid which may be involved in conferring some of these

phenotypic characteristics. The last two annual reports (4, 5) describe some

of these mutants in detail.

Several of the transposants harboring pXO1.1::Tn9 derivatives are

particularly interesting. One of them, Weybridge A UM23 tp62, formed a halo

on immunoassay plates incubated either in air or C02 , suggesting that the

mutant diId not require CO2 or bicarbonate for protective antigen synthesis.

Subsequent tests showed that tp62 produced more protective antigen both in the

presence and absence of CO2 than the parent strain produced in the presence of

CO2 This mutant has been assigned the phenotype PAa (protective antigen

synthesis in air).

Twor transposants, tp49 and tp7l, exhibited deletions within

pXOI.1::TO917 of greater than 100 kb. As determined by the halo immunoassay

test as well as tests for protective antigen production in broth, tp49 and

tp7l are PA' and PA, respectively. These transposants also showed an

increase in the extent of sporulation at 37 0 C as compared to the parent

strain, UM23. These deletion derivatives are missing many of the fragments

normally generated from BamII or PstI digestion of wild-type pXO.1. The

sizes of the pXOl.1::Tn917 deletion derivatives from tp49 and tp7l were

determined from the sunmation of the BamHI or PstI restriction fragments to be

approximately 40.0 kb and 47.5 kb, respectively. DNA-DNA hybridizations were

used to determine what toxin structural genes were present on these deletion

derivatives and to determine the locations of Tn917. The results showed that

to49 contains the structural genes for protective antigen and lethal factor

but does not contain the structural gene for edema factor; tp7l apparently

contains the structural gene for lethal factor, but not the structural genes

for protective antigen and edema factor. As stated above the PA-.and PA

phenotypes have been confirmed in actual production tests; tests are now in

prprogress to confirm the phenotypes with respect to production of edema factor

and lethal factor.

Gereration of Tn917-LTV3-tagged pXO1.1 derivatives. The transposition

selection, vector, pLTV3, was constructed by Camilli, et al. (8). The plasmid
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contains a Tn917 derivative, Tn917-LTV3, which carries a promoterless lacZ

gene as well as the erm gene, a cat gene, and genes for cloning in E. coli.

The plasmid itself is 22.1 kb in size and carries the gene for tetracycline

resistance. The purpose for introducing pLTV3 into B. anthracis is to

generate more transposo:u-tagged pXO1.1 derivatives by transposon mutagenesis,

thus, increasing our library of insertional mutants and hopefully, creating in

vivo lacZ gene fusions. The transposon will also be used to replace simple

Tn917 insertions in existing pXO1.1::Tn21 derivatives by selecting for

chloramphenicol resistance. These "recombinants" can then be screened for

transposon replacement and for gene fusions. pLTV3 was isolated from B.

subtilis PY1178 and introduced into Weybridge A UM23-1 by electroporation and

also by cryotransformation.

Insertions of Tn917-LTV3 into pXOl.1 from pLTV3 were generated in much

the same way as Tn917 insertions were generated from pTV1. In 7 out of 8

independent transposon mutagenesis1experiments, approximately 100% of the

colonies were MLS-resistant and tetracycline-sensitive indicating that Tn917-

LTV3 had transposed either to pXO1.1 or to the chromosome and that the cells

were cured of pLTV3. From these experiments several transposants have been

isolated which exhibit beta-galactosidase activity and are either PA* or PA-.

Investigation of the B. anthracis capsule plasmid, pX02

The B. anthracis plasmid pX02 carries information for synthesis of a D-

glutamyl polypeptide capsule. Capsule formation is the only function that has

thus far been attributed to this plasmid. B. anthracis strains harboring

wild-type pX02 require CO2 and bicarbonate for capsule synthesis. When such

strains are grown in the presence of CO2 and bicarbonate the colonies appear

very mucoid; in the absence of CO2 and bicarbonate the colonies appear rough.

In previous studies B. anthracis strains harboring pX02 were-divided

into 3 groups with respect to capsule phenotype: (1) Strains that produce

capsules only when grown on media containing bicarbonate and incubated in a

CO2-rich atmosphere (Capc+ phenotype); (2) Strains that produce capsules when

grown in air in the absence of added bicarbonate or CO2 (Capa÷ phenotype); and

(3) Strains that are noncapsulated under all growth conditions and yet retain
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pX02 (Cap- phenotype). We have shown that spontaneous mutations resulting in

the second and third phenotypes are associated with pX02 (1).

Our recent research in thi3 area has focused primarily on isolation,

identification, and characterization of mutants resulting from Tn917

insertions in B. anthracis 4229 UM12 Nalr. A number of mutants having very

interesting phenotypes have been isolated (5).

Introduction of pTV1 into B. anthracis 4229 harboring the capsule

plas•id pZ02. The temperature-sensitive transposition selection vector pTV1

was introduced into B. anthracis 4229 UM12 Nalr by CP-51-mediated

transduction. Transductants confirmed to contain both plasmids, i.e., pX02

and pTV1 were then used to generate Tn917 insertions in pX02. Approximately

640 of MLS-resistant chloramphenicol-sensitive colonies carried Tn917 in pX02.

Phenotypes of transposants. MLSr Cm3 colonies, which were presumed to

be transposants cured of pTV1, were observed for capsule phenotypes, Capc,

Capa+, or Cap-. Transposants exhibiting the following phenotypes have been

isolated: (1) Noncapsulated strains (Cap-) which retained pX02 but produced

rough colonies under all growth conditions. (2) Strains that produced

capsules only when grown in media containing bicarbonate and incubated in a

CO2 -rich atmosphere (CapC+). These appeared to be similar to wild-type pXO2-

containing strains with the exception of a few which did not grow when

incubated in air and a few which appeared to be polypeptide overproducers,

resembling Bacillus licheniformis in this respect. (3) Strains that produced

capsules when grown in air in the absence of bicarbonate (Capa+). Some of

these synthesized capsules both in the presence and absence of CO2 and a few

did not grow in the presence of 20% CO2 .

The pXO2::Tn917 derivatives in some of the transposants that have the
Capa+ phenotype have been observed to undergo deletions; deletions appear to

occur more frequently in such strains when they are grown in 20% CO2 . We now

have a collection of strains carrying deleted versions of pXO2::Tn917. Some

of these are Cap÷ and others are Cap-. One of them, tp24-17, is very small

(probably less than 12 kb) but its host cells are still capable of producing

capsules. However, they appear to produce less capsular material than strains

carrying wild-type pX02, suggesting that the deleted form of the plasmid

retains the structural genes for capsule synthesis but requires an additional

determinant to enhance encapsulation.
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As mentioned above, some transposants appear to be polypeptide

overproducers. The "stringy" properties of their colonies and their

propensity to produce confluent growth (mixture of cells and polypeptide)

resemble characteristics of B. licheniformis with respect to polypeptide

production. Upon continued incubation the growth on agar plates loses its

mucoid characteristic and appears rough and "dry". This is characteristic of

B. licheniformis. Examples of transposants having this phenotype are 4229

UM12 tp49 and tp5O. Hybridization studies with these two transposants have

shown that in tp49 Tn917 is inserted into the plasmid and in tp5O Tn917 io

inserted into the chromosome. The observation that colonies of these

transposants appear rough and "dry" after a relatively short period of time

might suggest production of a D-glutamyl polypeptidase. Such an enzyme has

been shown to occur in B. licheniformis, but to our knowledge there has been

no report of a similar enzyme in B. anthracis. It i interesting that the two

transposants which have similar phenotypes have Tn917 -in different' locations,

on pX02 in tp49 and on the chromosome in tp5O. We used CP-51-mediated

transduction to determine whether the insertion of Tn917 is responsible for

the unusual properties of these two transposants. The results show that in

all instances WLSr transductants exhibited the specific donor phenotype. To

confirm the presence and location of Tn917 in the transductants we carried out

DNA-DNA hybridization experiments using 3 2 P-labelled pTV1 DNA as the probe.

Results showed that when the donor was tp49 carrying pXO2::Tn917, the

transposon was located on pXO2 in the transductants. Transductants which

received MLS resistance from chromosomally-marked tp5O did not show Tn917 on

pX02.

To gather further evidence for the location of Tn917 in the

traneductants referred to above, we looked for spontaneous Cap- mutants that

had lost pX02 and tested thea for MLS resistance. If i transductant carried

pXO2::Tn917, as would be expected when tp49 was the donor, then spontaneous

C~p" mutants which had lost pX02 should be sensitive to MLS antibiotics. Four

Cap- pXO2" mutants isolated from such transductants were all found to be

MLsS.* On the other hand, if a transductant carried Tn917 on the chromosome,

as would be expected when tp5O was the donor, then spo-"taneous Cap- mutants

which had lost pX02 should retain resistance to MLS antibiotics. Six Cap

pX02" mutants isolated from such transductants were all found to be MLSr.
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The above results suggest very strongly that in both tp49 and tp5O the

insertion of Tn917 is responsible for the mutant phenotype. We plan to study

these transposants further in an effort to understand how they differ

genetically and physiologically from the wild-type parent strain.

Phenotype of transposant 4229 UM12 tp47. B. anthracis 4229 UM12 tp47 is

a CapC+ (Cap* only in C02 ) mutant which does not grow when incubated in air

without added CO2 . When cells are grown in medium containing sodium

bicarbonate and incubated in 20% C02 , the colonies are mucoid. When cells are

incubated in air without added C02 , there is a high frequency of revertants

(or suppressed mutants) which grow in air. Such cells are probably more

likely to be suppressed mutants than true revertants; they retain their

resistance to MLS antibiotics and it seems unlikely that precise excision of

Tn917 and insertion at another site could occur at such high frequency.

We have shown that both mutant and suppressed cells of tp47 contain pX02

but because of problems in obtaining good plasmid preparations from this

transpoSant we have not been able to obtain definite proof that Tn917 is

inserted into pX02 rather than into the chromosome. We believe, however, that

pX02 is in the plasmid rather than the chromosome, and hopefully we will be

able to confirm this in the near future.

The reason that 4229 UM12 tp47 does not grow in air remains unclear but

it is probably not due to a nutritional requirement for CO2 . It seems more

likely that the CO2 requirement results from a defect in some regulatory gene.

Investigation of Bacillus thuringiensis fertility plasmids

and conjugative transfer of B. anthracis plasmids, pXO1 and pX02

Reports from our laboratory have concerned the identification and

characterization of six self-transmissible plasmids from five different

subspecies of Bacillus thuringiensis (6, 12). One of these plasmids, desig-

nated pXO12 (112.5 kb), was isolated from strain 4042A of B. thuringiensis

subspecies thuringiensis. Plasmid pXO12 is capable of mediating its own

transfer as well as the transfer of a large range of Bacillus plasmids among

strains of Bacillus anthracis, Bacillus cereus, and B. thur5ngiensis. In

addition to conjugal transfer functions, pXO12 also encodes production of the

insecticidal toxin known as the delta-endotoxin or the parasporal crystal

(Cry+). Because the B. thuringiensis conjugative plasmids studied in our
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laboratory have no known selectable markers, it was necessary to assess
indirectly the conjugal activities they confer upon their hosts, 4.e., by

selecting for the transfer of the B. cereus tetracycline resistance plasmid

pBC16 and then examining Tor transcipients for acquisition of additional

plasmids. Once we were able to introduce the transposition selecti•, vector

pTV1 into B., anthracis, B. cereus, and B. thuringiensis we were t*::;a able to
construct pXO12 derivatives that carried Tn917. The isolation ;r marked

derivatives of pXO12 enabled us to determine the transfer frequency of this
plasmid directly during mating.

The widespread occurrence of large self-transmi3ssible plasmids among B.

thuringiensis strains suggests that conjugation may be an important means of

plasmid dissemination in naturally occurring Bacillus populations (7). In the

laboratory, this mating system has provided us with an efficient method of

shuttling a wide range of plasmids among B. thuringiensis, B. cereus, and B.

anthracis.

Physical analysis of the transferred plasmids (3, 10) suggested that

pBC16 was transferred by the process of donation while the large B. anthracis

plasmids were transferred by the process of conduction. The transfer of pXO1

and pXO2 involved transposition of the B. thuringiensis transposon TnL430 from

pXO12 onto these plasmids.

Plasmids pXO1 and pXO2 contain Tnh30 after pXO12-mediated mobilization.

Plasmid analysis was performed on representative Tox or Cap transcipients to

confirm the acquisition of pXO1 or pX02 in addition to pBC16. These analyses

showed that there were a variety of plasmid profiles represented among the

transcipients. The majority of Tox÷ or Cap+ transcipients examined harbored

pXO12 (Cry+) and either pXO1 or pXO2 which on agarose gels appeared to be

indistinguishable from the respective plasmids present in the donor strains.

However, other transcipients which were Cry+ and either Tox÷ or Cap+ contained

a single large plasmid migrating above the chromosomal DNA in agarose gels.

This suggested the formation of cointegrate plasmids. In contrast to the

variability of Tox+ and Cap+ transcipients, all Tar transcipients inherited

plasmid DNA which comigrated with pBC16 from the donor strains.

The high frequency of pBC16 transfer suggests that transfer of this

plasmid occurs by donation. In contrast, the lower frequency of transcipients

which acquired pXO1 or pX02 suggests that transfer of these large plasmids may

be by conduction; a process which requires physical contact between the
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conjugative and nonconjugative plasmid. Since in other conjugation systems

physical contact between the fertility pla3aid and other mobilizable plasmids

is often mediated by transposable elements, we examined pXO1 and pX02 plasmids

before and after mobilization for hybridization to Tn4430. Results showed

that Tn443C hybridized to pXO1 from 6 out of 7 Tox* transcipients tested and

to pXO2 from 7 out of 8 Cap* transcipients tested. There was no detectable

hybridization with pXO1 or pXO2 before mobilization. As expected, Tn!L430 also

hybridized to the presumed cointegrate plasaids.

Plasaid pBC16 is unaltered after transfer. As mentioned earlier the high

frequency of transfer of pBC16 suggests that this plasmid is transferred by

donation. Since transfer of nonconjugative plasmids by donation does not

require physical contact with a fertility plasmid, there should not be any

alteration in pBC16 after it has been transferred. To confirm this we exam-

ined p9C16 before and after mobilization by pXO12. Restriction analysis of

the various pBC16 plasmids confirmed that there were no alterations after

transfer, and tests for hybridization with 32 p-labelled pXO12 showed that

there was no homology between the two plasmids

Generation of cointegrate plasaids of pXO12 and the B. anthracis

resident plasmids. From mating mixtures that were screened for cotransfer of

'the Tox÷ and Cry+ phenotypes from donors carrying pXOT and pXO12, some of the

transcipients that inherited both phenotypes did not contain pXO1 or pXO12.

Instead they cot rained a plasmid which was higher in molecular weight than

either of the two expected plasutids. This suggested that in the course of

mating cointegrate plasmids were formed between pXO1 and pXO12. To test the

ability of these strains to transfer the large plasmid and pBC16, matings were

performed using two independent B. anthracis transcipients as donors to cured

strains of B. anthracis. The donor strains harboring the putative pXO1::pXO12

cointegrates transferred pBC16 at frequencies comparable to those of pXO12-

mediated transfer of pBC16. However, the proportion of Tcr transcipients

which were also Tox÷, i.e., approximately 50%, was much larger than had been

observed previously. In addition, all of the Tox÷ transcipients were also

Cry+. Plasmid analysis revealed that the Tox÷ Cry+ transcipients inherited a

large plasmid that comigrated in electrophoretic gels with the suspected

cointegrate present in the donors. None of several Tox- Cry- transcipients

examined carried a similar large plasmid.
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Results analogous to those with pXO1 were also obtained with pXO2. A

Cap* Cry* transcipient which harbored pBC16 and an apparent cOintegrate of

pXO2 and pXO12 was used as the donor in matings with a derivative Weybridge A

UM23 containing no plasmids. pBC16 was transferred at a frequency comparable

to that of donor strains containing wild-type pXO12. The proportion of Tr.

transcipients which simultaneously acquired the ability to make capsules was

much larger than had been observed previously with donor strains that

contained wild-type pX02 and pXO12. Plasmid analysis of Tcr Cap* Cry*

transcipients revealed that these strains had inherited, in addition to pBC16,

a single large plasmid which migrated at the same rate as the presumed

cointegrate plasmid in the donor strain.; The large plasmid was not found in

several Tcr Cap- Cry- transcipients examined.

These results suggest that pXO12-mediated transfer of the high

molecular-weight B. anthracis plasmids pXO1 and pXO2 occura by conduction.

They suggest also that the function of TnýýO in the mobilization of pXO1 and

pX02 is to mediate the formation of cointegrate molecules between the

fertility plasmid pXO12 and the nonconjugative B. anthracis plasmids. The

cointegrate plasmid is then transferred to recipient cells where it usually

resolves into pXO12 and the respective B. anthracis plasmid. However, our

results have shown that in some instances these cointegrate plasmids are

stably maintained in transcipient cells.

Investigation of the Bacillus subtilis (natto) fertility

plasmid, pLS20

A minor part of our effort during the past five years was spent on

characterization of the conjugative plasmid, pLS20, which encodes genes for

plasmid transfer among strains of B. subtilis, B. cereus, B. anthracis, and B.

thuringiensis (1, 2, 3, 4, 11). Evidence indicating that pLS20 was

responsible for plasmid transfer includes: (1) pLS20+ strains, but not pLS20"

strains, functioned as donors of pBC16; (2) Incubation of donor and recipient

cultures in the presence of DNase, followed by mating in the presence of DNase

did not affect plasmid transfer; and (3) Cell-free filtrates of donor

cultures did not convert recipient cells to Tcr.
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Pla3mid pLS20 does not carry a known selectable marker. Therefore, it

was not possible to select for pLS20 transcipients. Cotransfer of pLS20 with

pBC16 from donors carrying only pLS20 and pBC16 demonstrated that the plasmid

is self-transmissible. Acquisition of pLS20 by B. subtilis transcipients

rendered this species transfer-proficient, thus providing further proof that

pLS20 is conjugative.

To facilitate direct selection for pLS20 transfer, pLS2 0 derivatives

which carry the erythromycin resistance transposon Tng17 as a selectable

marker were generated.

Plasmids other than pBC16 were tested for pLS20-mediated transfer.

Results showed that pLS20 mediates transfer of the Staphylococcus aureus

kanamycin resistance plasmid pUB1IO at frequencies comparable to those of

pBC16 transfer. Plasmids pBC16 and pUB110 are homologous except for the

region occupied by their resistance determinants. Therefore, pLS20-mediated

transfer of pUB110 was not unexpected. We also observed cotransfer of the B.

subtilis (natto) plasmid pLS19 with pBC16 in intraspecific and interspecific

matings. However, the S. aureus plasmids pC194 and pE194 were not mobilized

by pLS20.

We have identified a 10.8-kb BglII fragment of the plasmid that is

responsible for the transfer proficiency of the host organism. Transposon

insertions within this region generated mutant plasmids which showed

alterations in the transfer phenotype, and deletions of this region rendered

the host organism completely transfer-defective. Cloning of the 10.8-kb

fragment into the gram-positive cloning vehicle, pBD64, rendered the host

organism transfer proficient, thus confirming that the fragment is necessary

and sufficient for conferring conjugal transfer ability on host cells.

Suppression of motility of B. subtilis cells harboring pLS20 is a second

plasmid-encoded phenotype that can be attributed to the plasmid. This

suppression of motility was observed with cells harboring pLS20 and

transposon-tagged derivatives thereof, and reversion to wild-type motility was

found in cells harboring deletion derivatives of the plasmids. B. anthracis

cells harboring pLS20 appeared much more dense in electron microscopic

analysis than cells of the same strain not carrying pLS20,, suggesting the

presence of some sort of coating on the cells. Clewell et al. (9) reported

that E. faecalis cells harboring the pheromone-responsive conjugative plasmid

pPDI produce a "fuzzy" coating thought to be an aggregation substance.
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Although pLS20 does not appear to encourage the formation of donor and

recipient aggregates in the manner that pPD1' does, perhaps the coating on B.

anthracis cells carrying pX02 is related-in some way to the mating event.

A physical map of p1220 was constructed based on restriction analysis of

pLS2O, pLS20::Tn917 derivatives, and transfer-defective deletion derivatives.

The map is included in 'the last Annual Report (5).

Investigation of phage TP-21 whose prophage is a plasmid

We have shown that the 46-kb plasmid of Bacillus thuringiensis subsp.

kurstaki strain HD-1 is the prophage of a phage which we have named TP-21.

This appears to be the first phage with a plasmid prophage described for the

genus Bacillus. We have shown that TP-21 is a generalized transducing phage.

It is likely that some of the transfer of genetic material attributed by other

workers to conjugation-like processes in this strain is the result of TP-21-

mediated transduction. TP-21 plaque-forming particles contain greater than 48

kilobase pairs of DNA which appears to be circularly permuted and terminally

redundant. We isolated TP-21 lysogens which have the 5.2-kb MLS resistance

transposon Tn917 inserted in the prophage. Although insertion of Tn917

rendered some isolates defective, several isolates carrying'this element

produced viable phage which confer erythromycin resistance upon lysogenized

hosts. Results of tests with TP-21::Tn917 demonstrate a broad host range

among B. anthracis, B. cereus and B. thuringlensis strains.

TP-21 lysogens were very stable during growth at high temperatures. A

mutant of TP-21, TP-21c7, was isolated following nitrosoguanidine mutagenesis

of a B. anthracis lysogen; this derivative appears to be temperature sensitive

for replication. B. cereus lysogens of TP-21c7 grown at 30 0 C stably maintain

the plasmid prophage. *At 42 0 C strains cured of TP-21c7 could be isolated from

broth cultures grown from lysogens. A derivative of TP-21c7 was isolated

which has Tn917 inserted. Lysogens of the transposon-tagged derivative, like

those of the parental mutant phage, were stable at 30 0 C but could be cured of

the prophage at 42 0 C.

For many reasons TP-21c7::Tn917 seems as if it should serve as an ideal

transposition selection vector. However, several experiments in which it was

tested as a mutagenic vehicle were unsuccessful. The reasons for this are not
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clear. It is conceivable that Tn917 in the temperature-sensitive mutant is

defective in transposition. It is also possible that the mutant is nct

sufficiently temperature sensitive to be useful as a selection vector.

Further experiments will be carried out with TP-21c7::Tn917 and with another

temperature-sensitive tagged mutant of TP-21 that has been isolated recently.
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